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FOREWORD 


This  report  covers  the  work  performed  during  an  investigation  under¬ 
taken  for  the  U.  S.  Office  of  Civil  Defense,  Department  of  the  Army  under  the 
direction  of  the  U.  S.  Naval  Radiological  Defense  Laboratory. 

The  study  was  monitored  by  Dr.  Mathew  Gibbons  of  the  Naval  Radio¬ 
logical  Defense  Laboratory.  Drs.  A.  D.  Mason  and  F.  D.  Foley  of  the  Surgi¬ 
cal  Research  Unit,  Brooke  Army  Medical  Center,  Lt.  Col.  A.  E.  Adams, 
Nuclear  Biological  Sciences,  Medical  Field  Service  School,  Brooke  Army  Medi¬ 
cal  Center,  and  Drs.  O.  T.  Benson  and  D.  E.  Johnson  served  as  consultants 
to  the  program. 

The  work  represents  a  joint  effort  of  Mr.  Andrew  J.  Pryor,  who 
served  as  the  principal  investigator,  Dr.  Fred  W.  Bieberdorf  and  Mr.  Calvin 
H.  Yuill.  Valuable  assistance  with  animal  tests  was  given  by  Mr.  John  Miesse 
of  the  Department  of  Physical  and  Biological  Sciences  of  Southwest  Research 
Institute. 


ABSTRACT 


A  program  was  undertaken  to  define  the  life  hazard  in  a  mass  fire 
environment  resulting  from  nuclear  attack.  The  nature  of  casualties  and 
hazards  in  peacetime  and  wartime  fires  was  reviewed,  and  experimental 
efforts  to  simulate  mass  fire  situations  were  studied. 

This  state -of -knowledge  review  revealed  a  number  of  areas  in  need 
of  further  definition  regarding  the  true  mass  fire  life  hazard.  These  areas 
have  been  specified  and  limited  experimental  studies  conducted  in  two  of  them 
in  order  to  define  their  significance  with  respect  to  the  overall  mass  fire  life 
hazard. 


SUMMARY 


Definition  of  the  mass  fire  life  hazard  involves  many  factors  and  can¬ 
not  be  stated  simply  in  any  quantitative  manner.  This  report  is  a  qualitative 
description  of  the  hazard  as  it  is  known  to  date. 

The  first  part  of  this  program  consisted  of  examining  the  life  safety 
problem  in  various  possible  fire  environments  by  means  of  a  state-of- 
knowledge  review.  It  indicates  quite  clearly  the  generally  recognized  hazards. 
Many  investigators  have  defined  these  as  carbon  monoxide,  heat,  and  inade¬ 
quate  oxygen  by  themselves  or  in  combination  depending  upon  the  ventilation 
conditions.  Others  conclude  generally  that  the  important  factors  are  heat  in 
open  areas  and  carbon  monoxide  in  shelters  and  that  deaths  occurred  only  in 
those  shelters  directly  exposed  to  burning  or  smoldering  fuel,  sometimes  in 
the  form  of  rubble  or  debris. 

Two  recent  studies  are  referenced  in  which  a  comprehensive  review 
of  the  literature  relative  to  combustion  products  in  fires  in  buildings  is 
presented.  Both  conclude  that  carbon  monoxide  and  possibly  oxygen  deficiency 
are  the  primary  factors  in  most  building  fires.  Reference  is  made  to  the 
serious  effect  of  the  combination  of  two  or  more  gases  each  of  which  if 
existing  alone  may  not  be  harmful. 

.  The  interrelationships  in  the  development  of  carbon  monoxide,  oxygen 
deficiency,  and  other  gases,  or  the  possible  existence  of  undetermined  syner¬ 
gism  s  have  not  yet  been  defined.  Also,  medical  research  indicates  the 
importance  of  respiratory  tract  injury  as  the  primary  killer  of  the  burn 
patient,  yet  there  is>  not  sufficient  information  available  to  analyze  the  factors 
involved  in  respiratory  tract  injury.  No  experimental  work  has  been  done  on 
inhalation  injuries  from  combustion  products  in  the  upper  and  middle  respira¬ 
tory  tract.  The  chemical  tracheitis  is  not  expected  to  occur  from  the  inhala¬ 
tion  of  carbon  monoxide,  a  reduced  oxygen  atmosphere,  or  even  heat. 

Noxious  gases  and  smoke  are  suspected  as  the  cause.  Heat,  may  be  a  factor 
in  causing  mucosal  injury  or  enhancing  it  in  the  presence  of  carbon  monoxide 
or  other  noxious  gases. 

The  life  hazards  and  physiological  effects  of  carbon  monoxide,  heat, 
and  reduced  oxygen  have  been  reasonably  well  defined  for  fires  in  individual 
buildings;  however,  a  true  definition  of  the  mass  fire  life  hazard  requires  that 
the  effects  of  these  factors  in  combination  be  known.  The  literature  reveals 
very  little  on  this  subject  that  is  applicable  to  the  mass  fire  life  hazard. 

A  limited  number  of  animal  experiments  were  performed  to  examine 
the  significance  of  any  relationship  between  carbon  monoxide  and  heat.  It  is 
indicated  that  such  a  combination  may  be  five  to  twelve  times  more  lethal 
than  either  factor  considered  separately. 


A  series  of  animal  experiments  is  recommended  to  demonstrate  the 
significance  of  the  noxious  gases  and  smoke  in  a  heated  stream  of  combustion 
products  from  the  burning  of  typical  building  materials.  Such  a  program 
would  either  confirm  or  disprove  the  preponderance  of  opinion  that  carbon 
monoxide,  heat,  or  anoxia  are  the  main  hazards  in  mass  fires. 
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I.  INTRODUCTION 


A.  Background 

The  history  of  fire  in  warfare  has  been  well  documented  by  Rumpf  who 
points  to  the  uninterrupted  use  of  fire  in  war  from  "time  immemorial.  "(293) 

The  dropping  of  incendiary  bombs  during  the  air  raids  of  World  War  II  in 
Germany  and  Japan  again  demonstrated  the  value  of  fire  as  an  offensive 
weapon.  The  mass  fires  created  by  some  of  these  air  raids  literally  wiped 
out  large  sections  of  many  cities  and  killed  thousands  of  persons.  Damaging 
as  these  fires  were,  however,  many  persons  survived.  In  general,  it  is  the 
purpose  of  this  paper  to  define  the  life  hazard  in  mass  fires  with  a  view  to 
isolating  those  factors  that  may  be  developed  to  increase  the  survival  rate  in 
any  future  catastrophe  of  this  nature. 

The  advent  of  nuclear  bombs  in  the  late  stages  of  World  War  II  demon¬ 
strated  the  power  of  atomic  warfare.  One  of  the  most  serious  consequences 
was  the  development  of  large-scale  fires.  Since  the  destructive  capability  of 
thermonuclear  weapons  has  increased  tremendously  since  that  time,  it 
becomes  even  more  important  that  all  possible  avenues  of  survival  be  thor¬ 
oughly  explored.  Further  interest  in  the  subject  of  this  study  has  developed 
in  recent  years  as  the  result  of  serious  fires  in  individual  buildings  involving 
large  loss  of  life.  In  many  instances,  it  has  been  recognized  that  death  has 
been  due  to  causes  other  than  external  burns.  Since  the  Cocoanut  Grove  fire 
in  1,941,  medical  attention  has  been  directed  toward  this  problem,  and  more 
recently  regulatory  officials  have  expressed  concern  over  the  use  of  building 
materials  that  are  suspected  of  producing  smoke  or  gases  as  they  burn  that 
might  interfere  with  escape  and  rescue  in  future  building  fires.  Preliminary 
research  in  the  latter  area  has  been  sponsored  by  the  National  Fire  Protec¬ 
tion  Association^^),  the  United  States  Public  Health  Service^ 385)#  and  the 
Plastics  Industry(95),  ah  three  studies  were,  in  effect,  state-of-the-art 
reviews  with  a  considerable  amount  of  evidence  indicating  that  factors  causing 
loss  of  life  in  building  fires  may  be  of  equal  concern  in  war-induced  mass  fires. 

B.  Scope  of  Work 

The  specific  objective  of  this  study  was  to  define  the  threat  from 
nuclear  attack  fires  to  people  in  fallout  shelters  and  elsewhere,  and  delineate 
the  requirements  for  life  safety  in  a  mass  fire  environment.  Although  the 
investigation  was  broad  and  unlimited  in  scope,  the  following  areas  were 
defined  for  specific  coverage: 

(1)  Examining  the  life-safety  problem  in  various  possible  fire 
environments  by  means  of  a  state -of-knowledge  review; 


(2) 


Suggesting  interim  guidance  and  research  areas;  and 


(3)  Initiating  supporting  investigative  laboratory  studies  and  para¬ 
metric  analyses. 

C.  Approach 

The  method  followed  has  been  to  reexamine  the  evidence  presented  in 
the  three  studies  mentioned  above  and  such  additional  evidence  as  can  be 
found  as  to  the  cause  of  death  or  injury  in  fires  as  it  relates  to  mass  fire 
situations.  More  specifically,  an  attempt  was  made  to  answer  the  question, 
"What  would  be  the  hazard  in  a  mass  fire  to  the  person  caught  in  the  open  and 
the  person  seeking  refuge  in  a  variety  of  types  of  shelter?"  Past  experience 
has  shown  that  there  exists  a  large  number  of  conflicts  in  experimental  data 
and  that  much  of  the  experimental  work  involves  methods  and  techniques  differ¬ 
ing  to  the  extent  that  experimental  results  frequently  cannot  be  compared. 
Therefore,  consideration  has  been  given  to  those  specific  areas  where  addi¬ 
tional  work  is  needed  to  verify  results  from  the  past  and  in  some  cases  to 
extend  knowledge  previously  gained  in  order  to  define  specific  situations. 

Indicative  of  the  problems  involved  is  the  conflict  of  evidence  on  what 
constitutes  a  dangerous  exposure  to  heat  and  other  products  of  the  combustion 
process.  Most  of  the  information  available  on  the  hazards  of  various  danger¬ 
ous  gases,  for  instance,  relates  to  eight-hour  exposures.  To  the  person 
caught  in  a  building  fire  or  caught  in  the  open  under  air-raid  conditions,  the 
8-hr  exposure  factor  is  of  little  consequence.  On  the  other  hand,  to 
the  person  seeking  refuge  in  a  well-designed  shelter,  and  considering  the 
fallout  situation  involved  in  thermonuclear  weapons,  it  is  necessary  to  con¬ 
sider  the  situation  with  respect  to  a  two-week  exposure  to  such  gases  as  may 
penetrate  into  the  shelter.  The  other  factor  of  concern  with  respect  to  work 
done  in  the  past  is  the  existence  of  gaps  in  knowledge  of  specific  components 
of  the  combustion  process  or  of  specific  gases,  both  by  themselves  and  in 
combination  with  other  gases  and  effects. 

In  conducting  this  study,  consideration  has  been  given  to  individual 
building  and  mass  fire  situations  and  to  the  effects  of  products  of  combustion 
on  individuals.  Specifically  excluded  from  this  study  was  the  consideration 
of  the  hazards  of  nuclear  radiation  and  the  burns  or  other  factors  resulting 
therefrom.  Also,  experimental  work  has  been  limited  to  a  very  brief  explora¬ 
tion  of  some  of  the  elements  involved  in  the  late  stages  of  the  program. 

In  order  to  familiarize  the  reader  with  the  organization  of  this  report 
and  provide  him  with  an  understanding  of  its  purpose,  the  following  brief 
resumes  on  the  content  of  each  section  are  relevant. 

Section  II  provides  a  brief  historical  account  of  mass  fire  experience 
to  date  and  is  intended  to  provide  the  reader  with  an  understanding  of  the 
entire  problem,  giving  him  some  of  the  background  which  established  the  need 
for  the  research  in  this  report. 


Section  III  is  an  analysis  of  the  mass  fire  environment  based  upon 
those  parameters  thought  to  be  most  important  by  persons  knowledgeable  in 
the  life  hazards  of  fires.  This  section  is  a  definition  of  the  mass  fire  envi¬ 
ronment  in  general  terms  and  is  intended  to  give  the  reader  an  accurate  as 
possible  picture  of  what  is  to  be  expected. 

Section  IV  again  considers  the  parameters  thought  to  be  most  impor¬ 
tant  when  analyzed  from  the  aspect  of  their  effects  on  man.  Entitled  "Survived 
Criteria,  "  this  section  defines  the  life-safety  hazard  of  each  parameter  dis¬ 
cussed,  not  only  individually  but  in  combination  with  one  another  where  the 
information  is  available. 

Section  V  is  a  careful  examination  of  mass  fires  which  have  occurred 
in  the  past.  From  these  a  series  of  conclusions  is  drawn  based  on  facts  or 
inferences  presented  relative  to  causes  of  death.  In  addition,  this  section 
points  up  the  important  differences  in  mass  fires  and  how  the  life  safety  of 
people  within  them  is  threatened  by  the  parameters  previously  discussed  in 
Sections  III  and  IV. 

Section  VI  is  an  analysis  of  the  life  hazards  presented  to  persons  in 
various  shelter  situations  by  a  mass  fire  environment.  Life  safety  is  con¬ 
sidered  in  conflagrations  and  fire  storms  (with  and  without  fallout)  for  people 
in  the  open,  in  OCD  designated  and  nondesignated  shelters.  Also  in  this 
chapter,  the  German  shelter  experience  is  evaluated.  In  addition,  the  closed 
shelter  which  has  gained  such  interest  since  World  War  II  is  also  considered 
for  both  its  internal  (heat  and  CO2  buildup  within)  and  external  hazard. 

Section  VII  reports  the  results  of  a  series  of  experimental  test  fires 
using  Douglas  fir.  During  these  tests,  the  combustion  product  stream  was 
analyzed  for  its  CO,  CO2,  O2,  and  heat  content.  Under  these  carefully  con¬ 
trolled  conditions,  the  only  factor  varied  was  ventilation.  From  these  experi¬ 
ments,  the  ranges  of  GO,  CO21  heat,  and  the  degree  of  oxygen  reduction  (along 
with  their  various  ratios)  may  be  established  with  regard  to  the  varying  venti¬ 
lation  rates  and  corresponding  time. 

Section  VIII  is  a  brief  outline  of  an  initial  series  of  animal  tests  designed 
to  demonstrate  the  significance  of  certain  synergistic  actions  regarding  some 
of  the  more  common  and  important  parameters  expected  to  be  a  hazard  to  life 
in  any  mass  fire  environment.  The  particular  tests  completed  during  this  pro¬ 
ject  demonstrated  the  significance  of  the  synergism  between  heat  and  carbon 
monoxide. 

D.  Definitions 


Any  thorough  analysis  of  life  hazard  in  a  physical  situation  of  necessity 
involves  the  use  of  medical  terms,  many  of  which  may  not  be  clear  to  all 
readers.  While  the  use  of  such  terms  has  been  limited,  complete  elimination 
of  them  could  not  be  achieved  without  unduly  increasing  the  length  of  this 


report.  In  the  interests  of  brevity  and  clarity,  we  list  here  the  definitions  of 
the  medical  terms  used  in  this  report  -  and  also  the  definitions  of  a  few 
other  special  terms  used  in  the  report. 

ANOXEMIA  -  Lack  of  sufficient  oxygen  in  the  blood. 

ANOXIA  -  Oxygen  deficiency,  with  consequent  disturbance  in  body 
functions. 

ASPHYXIA  -  Unconsciousness  due  to  suffocation  or  interference  of 
any  kind  with  oxygenation  of  the  blood. 

CANNULA  -  An  instrument  devised  to  fit  various  body  channels. 

CARBOXYHEMOGLOBIN  -  The  compound  formed  by  carbon  monoxide 
with  the  hemoglobin  in  poisoning  by  that  gas. 

CHEYNErSTOKES  RESPIRATION  -  A  type  of  breathing  in  which  the 
respirations  gradually  increase  in  depth  up  to  a  certain  point 
and  then-decrease;  finally,  all  respiration  ceases  for  half  a 
minute  or  so  and  then  begins  again  as  before. 

CONFLAGRATION  -  A  mass  fire  with  a  moving  front.  Strong  winds 
or  topography  cause  the  fire  to  spread  in  a  particular  direction. 

CYANOSIS  -  A  dark  bluish  or  purplish  color  of  the  skin  and  mucous 
membranes,  due  to  insufficient  oxygen  in  the  bloodstream. 
Cyanosis  appears  when  the  reduced  hemoglobin  in  the  capillary 
blood  is  5  mg  or  more  per  100  cc. 

CYANOTIC  -  Relating  to  or  marked  by  cyanosis. 

DESIGNATED  SHELTER  -  Shelter  surveyed,  stocked  and  marked  by 
Office  of  Civil  Defense  as  a.  shelter. 

DYSPNEA  -  Shortness  of  breath;  difficult  or  uncomfortable  respiration. 

EDEMA  -  Excessive  accumulation  of  fluid  in  the  tissues,  causing 
swelling. 

EPIGLOTTIS  -  The  cartilage  in  the  throat  which  guards  the  entrance 
to  the  trachea  (windpipe)  and  prevents  fluid  or  food  from  enter¬ 
ing  it  when  one  swallows. 

EPITHELIUM  -  The  cells  lining  all  the  passages  of  the  hollow  organs 
of  the  respiratory,  digestive,  and  urinary  systems. 


FIRESTORM  -  A  mass  fire  with  stationary  front.  Strong  inward 

winds  are  caused  by  rising  columns  of  hot  gases,  and  the  spread 
of  fire  is  largely  limited  to  the  initially  ignited  area. 

FIREWHIRL  -  A  violent  wind  devil  or  cyclonic  action  of  varying  size 
and  intensity  which  occurs  within  large  fires  due  to  the  unstable 
air  conditions. 

GLOTTIS  -  The  vocal  cords  and  opening  between  them. 

HEMOGLOBIN  -  The  pigment  in  the  red  blood  cells.  It  is  the  substance 
which  carried  oxygen  to  the  tissues. 

HYPERTHERMIA  -  Extremely  high  fever. 

HYPERTHERMIC  -  Producing  a  high  fever. 

HYPOXIA  -  Inadequate  oxygen  in  the  lungs  and  in  the  blood. 

IN  VITRO  -  Within  glass;  said  especially  of  experiments  carried  on 
in  test  tubes  or  outside  of  the  living  organism. 

IN  VIVO  -  Within  the  living  organism:  opposed  to  in  vitro. 

LAF.YNX  -  The  voice  box,  situated  between  the  base  of  the  tongue  and 
the  windpipe. 

MASS  FIRE  -  A  fire  which  occurs  from  the  merging  of  several  sepa¬ 
rate  fires  into  a  single  fire  involving  a  large  number  of  buildings. 

NECROSIS  -  Death  of  tissue. 

NONDESIGNATED  SHELTER  -  Any  area  used  as  shelter  which  has  not 
been  surveyed,  stocked  and  marked  by  the  Office  of  Civil 
Defense  authorities. 

NOXIOUS  GASES  -  Injurious,  harmful  gases. 

PHARYNX  -  The  upper  expanded  portion  of  the  digestive  tube,  between 
the  esophagus  below  and  the  mouth  and  nasal  cavities  above  and 
in  front. 

TOXEMIA  -  Blood  poisoning,  the  presence  in  the  blood  of  any  patho¬ 
genic  microorganism. 

TRACHEA  -  The  windpipe;  the  air-tube  extending  from  the  larynx  to 
the  bronchi. 

TRAUMA  -  A  wound  or  injury,  usually  inflicted  more  or  less  suddenly. 
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II.  MASS  FIRE  EXPERIENCE 


In  September  of  this  /ear,  England  will  commemorate  the  275th  anni¬ 
versary  of  the  Great  London  Fire.  Dramatically  described  in  Samuel  Pepys 
Diaryi  ),  this  conflagration  wiped  out  a  large  section  of  the  old  London. 

It  was  one  of  a  series  of  conflagrations  that,  over  the  years,  has  taken  a 
great  toll  in  lives  and  property. 

Records  of  these  early  fires  are  apt  to  be  sparse,  if  at  all  existent. 

It  was  not  until  the  late  nineteenth  century  that  detailed  records  were  made  of 
mass  fires.  Indicative  of  the  losses  involved  are  records  taken  from  the 
NFPA  Handbook  of  Fire  Protection(  245)  0f  which  Table  1  is  a  brief  tabulation. 


TABLE  1.  MASS  FIRES  IN  PEACETIME 


City 

Year 

Life  Losi 

Chicago 

1871 

250 

Peshtigo 

1871 

1, 052 

Boston 

1872 

13 

Baltimore/ 

1904 

0 

San  Francisco 

1906 

452 

Tokyo/ Yokahama 

1923 

91,334 

Hakodate,  Japan 

1934 

2,  018 

Chang  Sha,  China 

1938 

2,  000 

Fukui,  Japan 

1948 

3,  000 

Chunking,  China 

1949 

2,  513 

These  were  peacetimes  fires.  In  some  instances,  the  number  of 
lives  lost  in  comparison  to  the  buildings  destroyed  was  relatively  low,  reflec¬ 
ting  a  slow  advance  of  the  fire  which  allowed  time  for  people  to  escape,  often 
with  many  of  their  household  goods.  The  Baltimore  fire  occurred  in  the 
business  district  on  a  weekend.  Even  so,  it  was  remarkable  tha.t  no  lives 
were-  reported  lost.  The  San  Francisco  and  Tokyo  fires  followed  earthquakes 
and  covered  such  wide  areas  that  escape  became  extremely  difficult..  Also, 
it  is  difficult  to  separate  the  casualties  caused  by  the  earthquake  from  those 
caused  by  the  fire. 

The  great  fires  in  Japan  and  China  involved  highly  combustible,  closely 
built  dwellings  that  invited  such  rapid  fire  spread  as  to.  render  escape  extremely 
difficult. 

The  potential  for  mass  fires  in  today's  cities  still  exists,,  but  to  a 
much  lesser  extent  than  formerly.  Fire- resistive  construction  is  now  required 
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in  the  heavily  built-up  areas  so  that  the  risk  decreases  as  older  buildings  are 
replaced  by  new.  Greater  separation  between  buildings,  wider  streets,  and 
better  trained  and  better  equipped  fire  departments  add  to  the  relative 
safety  of  our  cities  today. 

What  is  said  above  applies  to  peacetime  mass  fires.  The  methods 
used  in  subduing  the  enemy  in  World  War  II  demonstrated  the  value  of  fire 
as  an  offensive  weapon  system.  It  was  used  with  extreme  effect  in  World 
War  II.  The  statistics  compiled  by  Lommasson(  19 i)  and  presented  here  as 
Table  2  serve  as  a  grim  reminder  of  the  destructive  potential  of  fire  used  as 
a  weapon  of  offense. 


TABLE  2.  SUMMARY  OF  GERMAN  AND  JAPANESE  AIR  RAID 
EXPERIENCE  DURING  WORLD  WAR  II 


City 

Lives  Lost 

Percent  of 
Population 

Buildings 

Destroyed 

Area  Burned, 
sq  mi 

Tokyo 

84,  000 

1.2 

300, 000 

15.8  (total  loss) 

Hamburg 

42,  000 

2.4 

300,  000 

4.  5  (total  loss) 

12  (heavy  damage) 

Kassel 

8,  700 

3.  8 

33,  000 

2.9  (total  loss) 

Darmstadt 

8,  100 

7.4 

22,  050 

1.5 

Hiroshima 

70, 000 

28.0 

68,  000 

4.4  (firestorm  area) 

Nagasaki 

40,  000 

17.0 

21 ,000 

0. 049  (fire  only) 
0.864  (fire  and  blast) 

Unquestionably,  casualties  were  greatly  reduced  due  to  partial  evacua¬ 
tion  of  cities  prior  to  the  war  action.  Essential  workers,  however,  were 
heeded  in  target  areas  and,  in  some  instances,  particularly  in  the  German 
cities,,  were  afforded  some  protection  by  air-raid  shelters.  In  Hamburg 
alone,  some  240,  000  people  survived  the  extremely  heavy  air  raids  in  massive, 
bunker  type  shelters^®).  Other  types  of  shelters  were  not  as  successful,  and 
many  thousands  lost  their  lives  in  what  they  had  thought  would  be  relatively 
secure  are?'  .  In  other  instances,  masses  of  people  took  refuge  in  open 
spaces,  oftenwith  mass  casualties  resulting.  The  reasons  for  the  heavy 
casualties  in  mass  fires  are  the  primary  concern  of  this  study,  and  all  of  the 
possibilities  will  be  examined  in  the  following  sections. 

The  techniques  of  defining  causes  of  death  in  fires  today  are  not  suf¬ 
ficiently  developed  to  assure  positive  meaning  to  various  types  of  analyses 
that  may  be  conducted.  For  instance,  if  a  body  has  reddened  lips  and  skin, 
a  rule  of  thumb  diagnosis  is  "death  by  carbon  monoxide.  "  More  sophisticated 
studies  have  revealed  other  causes  of  the  reddening.  Some  studies  have 
uncovered  circumstances^2®^  where  traces  of  carbon  monoxide  poisoning 
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have  been  obliterated  by  other  exposures.  In  wartime  situations  or  mass  fire 
situations  where  the  fight  for  survival  is  of  prime  concern,  individuals  are 
not  apt  to  be  present  having  a  scientific  interest  and  the  equipment  neces¬ 
sary  to  make  measurements  of  temperatures,  possible  toxic  gases,  types  of 
smoke,  oxygen  levels,  and  other  factors  that  may  present  a  hazard  to  life. 
Thus,  the  present  effort  has  been  to  scan  in  detail  the  available  records  for 
clues  as  to  what  might  have  happened.  This,  in  combination  with  current 
studies  of  the  reaction  of  animals  and  people  exposed  to  fire  conditions  and 
autopsies  conducted  on  those  who  have  succumbed  to  such  exposures,  provide 
sources  of  information  on  which  to  assess  the  mass  fire  life  hazard. 


Certain  other  historical  events  provide  further  light  on  the  subject. 
Extreme  conditions  resulting  from  crowding  too  many  people  into  too  small  a 
space  with  excessive  heat  developing  were  demonstrated  in  the  incident 
known  as  the  "Black  Hole  of  Calcutta.  "  Here,  in  1756,  145  men  and  one 


woman  are  reported  to  have  been  taken  prisoner  and  thrown  into  a  cubicie 
18  ft  long,  14  ft  high  and  10  in.  wide(J9®,  249).  The  cumulative  body  tempera¬ 
ture  caused  a  rise  in  ambient  temperature  and  emotional  stress  to  a  point  that 
only  twenty-two  men  and  the  woman  were  alive  the  following  morning.  In 
more  recent  years,  the  Cocoanut  Grove  Nightclub  fire  in  Boston  in  1942 
involved  489  deaths  and  more  than  166  injuries^24).  Such  fires  as  this, 
together  with  other  tragic  fires,  provide  the  incentive  for  more  intensive 
research  in  fire  prevention  on  the  one  ho,nd  and  in  medical  treatment  of  burn 
injuries  on  the  other-  Many  of  the  resulting  data  are  applicable  to  the  life 


hazard  in  mass  fires. 


(Blank  Page) 


HI.  MASS  FIRE  ENVIRONMENT 


A.  General 


The  mass  fire  environment  is  an  extremely  complex  and  changing 
phenomenon.  It  could  be  said  that  the  mass  fire  environment  will  be  hot  and 
smoky,  have  changing  wind  velocities,  and  contain  a  conglomeration  of  com¬ 
bustion  products.  To  consider  the  situation  analytically,  we  must  know  how 
hot  for  how  long,  how  much  smoke,  what  are  the  wind  velocities,  and  what 
are  the  concentrations  and  locations  of  the  combustion  products  present  and 
their  persistence. 

Discussion  of  any  one  of  the  parameters  in  a,  mass  fire  environment 
will  show  that  there  is  an  interrelationship  between  it  and  the  others;  for 
example,  the  amount  of  carbon  monoxide  is  related  to  the  oxygen  content, 
and  these  are  both  related  to  the  wind  speed;  Perhaps  more  important  is  the 
relationship  of  the  fuel  and  its  chemical  composition  with  the  parameters  of 
this  environment.  When  considering  a  fixed  point  within  a  mass  fire  environ¬ 
ment,  one  recognizes  the  need  of  an  adequate  definition  of  terms  in  showing 
the  interrelationships  of  the  parameters  involved; 

■Numerous  investigators  have  recognized  these  difficulties  and  express 
their  concern  as  to  the  value  of  extrapolating  the  results  of  experimental  work 
to  other  fires.  Each  experimental  fire  presents  its  own  particular  set  of 
condition's,  and  the  results  obtained  do  not,  always  agree  with  what  has  been 
recorded  in  others.  Nevertheless,  it  should-  be  possible  to  define  within  some 
range  the  important  life -safety  parameters  within  a  mass  fire. 

This  section  is  concerned  only  with  the  mass  fire  environment  and 
the  levels  of  toxic  gases,  heat,  and  smoke  to  be  found  therein.  The  meaning 
of  the  levels  of  concentrations  of  these  gases,  heat,  and  smoke  with  respect 
to  life  safety  is  discussed  in  detail  in  Section  IV. 

B.  Hazards  of  Mass  Fire  Environment 


1 .  C  orivective  Heat 


The  time-temperature  history  within  burning  buildings  during 
peacetime  has  been  of  much  interest  in  the  past  because  of  its  direct  relation 
ship  to  the  structural  integrity  and  the  safety  of  personnel  within  and  around 
the  burning  buildings.  Present  building  codes  reflect  this  interest  in  the 
requirement  for  structural  elements  to  withstand  different  amounts  of  expo¬ 
sure  to  a  standard  fire.^^)  The  ASTM  E119  time -temperature  curved  has 
been  developed  as  a  result  of  actual  building  burns,  and  it  has  been  found  to 
be  fairly  representative  of  the  interior  temperatures  (if  not  lower)  as  mea¬ 
sured  in  burning  buildings  by  many  investigators  since  its  establish¬ 
ment.  307,  31  1)  This  curve,  shown  in  Figure  1,  is  in  no  way  meant  to  be 


r/^usr  .  A/mumrn 

Source:  See  Ref.  (8) 

FIGURE  1.  STANDARD  TIME-TEMPERATURE  CURVE 

representative  of  the  fire  conditions  expected  within  a  mass  fire,  but  it  does 
represent  the  temperatures  to  be  expected  within  a  fully  involved  burning 
structure. 

The  temperatures  or  heat  flux  to  be  expected  within  amass  fire  are 
not  precisely  defined  as  yet.  There  is  considerable  interest  in  this  definition, 
and  much  is  presently  being  done  in  an  attempt  to  better  define  the  heat  flux 
within  a  mass  fire. (82) 

The  heat  flux  as  measured  in  any  fire  can  only  be  defined  for  that 
particular  fire  and  at  a  particular  measuring  point.  There  may  be  questions 
regarding  its  meaning  or  its  relationship  to  other  fires  or  even  to  other  points 
within  the  test  fire  monitored.  Experimental  fires  to  date  have  been  small, 
the  largest  being  40  acres  in  size.  Some  investigators  have  stated  that  mass 
fires  require  the  involvement  of  at  least  640  acres  (1  square  mile).  (3?) 

Fires  are  complex,  and  no  one  fire  may  be  typical;  that  is,  there  is  no  evi¬ 
dence  to  reflect  the  similarity  or  reoccur  rence  to  be  expected  with  regard  to 
any  of  the  parameters  of  interest.  For  these  reasons,  it  is  very  difficult  if 
not  impossible  to  extrapolate  from  these  fires.  This  is  pointed  out  quite  well 
in  a  report  by  CountrymanC 82)  jn  which  he  states: 


MIn  general  then,  one  must  conclude  that  although  there  exists  a 
considerable  body  of  knowledge  about  the  characteristics  of  small 
fires  and  of  firec  burning  under  normal  conditions,  there  is  a 
dearth  of  quantitative  information  concerning  large  and  intensive  fires 

These  questions  are  valid;  however,  it  should  still  be  possible,  by 
means  of  a  series  of  tests,  to  determine  the  "range  of  temperatures"  to  be 
expected  in  various  locations  within  a  fire.  Test  data  to  accomplish  this  will 
be  examined  below.  For  civil  defense  purposes,  the  area  of  the  average  and 
the  upper  range  temperatures  would  be  of  greatest  interest. 

In  this  regard,  the  upper  range  must  be  looked  at  carefully  in  order 
to  determine  its  duration  and  frequency  of  occurrence  within  the  mass  fire 
environment  as  a  whole.  For  example,  temperatures  of  1925°  C  (3500°  F) 
that  occur  only  over  small  areas  at  a  very  few  specific  locations  and  for  very 
short  periods  of  time  are  not  nearly  as  significant  as  temperatures  of  1260°C 
(2500°  F)  which  occur  over  much  larger  areas  at  many  locations  for  longer 
periods  of  time. 

An  additional  factor  to  consider  is  the  significance  of  the  temperature 
or  heat  flux  differences.  For  example,  to  a  person  caught  out  in  the  open, 
temperatures!  of  1260°  C  (2500°  F  or  above)  are  immediately  fatal.  The  dif¬ 
ference,  therefore,  between  1260° C  and  1925° C  is  academic  regarding  sur¬ 
vival.  An  upper  "range"  that  has  been  recorded  in  the  immediate  flaming 
fire  zones  of  burns  by  various  experimenters  has  been  in  the  980°  to  1315°  C 
(1800°  to  2400°  F)  range.  (^7,  274)  a  lower  range  has  clearly  been  shown  by 
experiment  to  be  in  the  range  of  815°  to  980°  C  (1500°  to  1800°  F).^®^’ 

These  burns  would  have  to  be  regarded  as  small  in  relation  to  a  mass  fire. 
Burns  conducted  by  the  U.  S.  Forest  Service  have  indicated  the  possibility 
of  much  higher  temperatures  approaching  1650° C  (3000° F).  These  have 
been  recorded  in  relatively  small  burns  where  the  burning  rate  or  violence 
of  the  fire  was  high.(37>  274)  This  approaches  the  temperature  obtained 
when  wood  is  burned  under  ideal  conditions  [  1800°C  (3272°F)]  (^2), 

The  following  pages  present  a  brief  summary  of  these  experimental 
burns  together  with  their  maximum  recorded  temperatures.  Professor 
H.  Hottel  of  the  Massachusetts  Institute  of  Technology  suggested  at  the  Fourth 
Annual  Office  of  Civil  Defense  Fire  Research  Contractors  Conference  in 
Pacific  Grove,  California,  in  March  1966,  that  perhaps  a  simple  method  of 
determining  a  fire's  severity  would  be  to  define  its  maximum  temperature 
and  a  corresponding  time  during  which  the  fire  was  at  or  above  some  pre¬ 
determined  burning  rate  or  some  minimum  temperature.  In  this  summary, 
the  maximum  recorded  temperatures,  along  with  the  times  during  which 
temperatures  of  one-half  the  maximum  were  recorded,  are  reported. 

It  is  indeed  surprising  to  glance  through  this  summary  and  note  that 
a  number  of  experimenters  have  utilized  equipment  which  proved  incapable 
of  accurately  recording  the  maximum  temperatures  in  their  experimental 


burns.  For  this  reason,  the  maximum  attainable  temperature  in  such  burns 
has  yet  to  be  recorded. 

The  tests  listed  here  were  sponsored  by  the  following  organizations: 

Office  of  Civil  Defense  Mobilization 

Briones  Burn 
Camp  Parks  Burn 
El  Cerrito  Rubble  Probe  Test 
Los  Angeles  Tests 
Richmond  Test  No.  1 
Richmond  Test  No.  2 

Office  of  Civil  Defense 

U.  S.  Forest  Service  Burns 
Test  Fire  380-4-63 
Test  Fire  380-6-63 

Los  Angeles  Fire  Department 

Los  Angeles  School  Burns 

Division  of  Building  Research,  Material  Research  Council  of 
Canada 

St.  Lawrence  Burns 


Briones  Burns^^^ 


Eleven  windrows  of  trees  and  brush  totaling  about  900  tons  "oven- 
dry  weight"  on  an  area  of  nine  acres  were  ignited  in  sequence. 


Maximum  Temperature 

1065°  C  ( 1950°  F) 

>540°  C  (>1000°  F)  for  50  min 

870° C  (1600°  F) 

>430°  C  (>800°  F)  for  50  min 

31 5°  C  (600°  F) 

>150°  C  {>300°  F)  for  40  min 

150°  C  (300°  F) 

>65°  C  (>150°  F)  for  60  min 


Thermocouple  Loc ations 


1  ft  above  grade  and  3  ft  inside  burning 
windrow 

2  ft  above  grade  and  3  ft  inside  burning 
windrow 

at  grade  and  1  ft  and  2  ft;  above  grade  5  ft 
outside  edge  of  burning  windrow 

at  grade  and  1  ft  and  2  ft;  above  grade  25  ft 
from  nearest  windrow 


Camp  Parks  Burn(37) 


Seventy-four  simulated  houses,  each  approximating  6000  lb  of  wood, 
were  ignited  simultaneously.  The  following  temperatures  were  recorded: 


Maximum  Temperature 

>  1315°C  (>2400°  F) 
{TCPL  failure  at  5  min) 


_ Thermocouple  Locations _ 

2  ft  above  grade  in  rubble -free  pile  in 
center  of  burning  area 


>1430° C  (>2600°  F) 
(TCPL  failure  at  8  min) 


1  ft  above  grade  in  rubble -free  pile  in 
center  of  burning  area 


930°  C  ( 1700°  F) 

>455°  C  (>850°  F)  for  15  min 


1  ft  above  grade  in  rubble  pile  in  center  of 
burning  area 


150°  C  (300°  F) 

>65°  C  (>150°  F)  for  30  min 


260°  C  (500°  F) 

>120°  C  (>250°  F)  for  10  min 


1  ft  and  2  ft  above  grade  and  approximately 
10  ft  of  horizontal  distance  from  free  burn¬ 
ing  fires  located  in  center  of  burning  area 

in  front  of  shelter  entrance  located  approxi¬ 
mately  10  ft  from  burning  rubble  piles  in 
center  of  burning  area 


El  Cerrito  Rubble  Probe  Test(^) 


An  old  municipal  building  constructed  of  thick  concrete  with  stucco 
and  brick  covered  walls  was  ignited  and  allowed  to  burn  freely.  Rubble  tem¬ 
peratures  were  recorded  at  three  locations  and  reported  as  follows: 


Approximate  Time  after  Start  (hr) 

4.5 

6.0 

6.7 

9.7 

21. 3 


Temperatures  (°F) 


1 

2 

3 

900 

1290 

580 

550 

- 

360 

480 

- 

225 

270 

890 

80 

80 

1890 

Los  Angeles  Tests(^7) 

The  first  fire  consisted  of  2  X4  mill  ends  scattered  to  a  depth  of  about 
2  ft  throughout  a  room  in  a  vacant  school.  Fire  was  ignited  in  one  corner  and 
extinguished  at  17  min  when  the  floor  above  was  endangered  (long  before  the 
fuel  at  the  base  of  the  pile  could  be  burned). 


Maximum  Temperature 


Thermocouple  Locations 


650°  C  (1200°  F)  recorded  at  6— ft  and  1 0  -ft  level  at  17  min 

>315°C  (>600°  F)  for  7  min  extinguishment  started  at  this  time 

In  the  second  fire,  the  room  was  loaded  with  lath  and  pallets  and  ignited  at  a 
number  of  points  around  the  outer  edges.  This  was  allowed  to  burn  for 
12  min  before  extinguishment  was  started. 


Maximum  Temperature 


Thermocouple  Locations 


>980“  C(>1800°  F)  temperature  at  1 0 -ft  level  exceeded  980°  C 

>480°  C  (>900°  F)  for  8  min  (1800°F)  twice  during  the  12-min  burn 


Richmond  Test  No.  l(^7) 


A  two-story,  four-apartment  building,  measuring  50  X  28ft,  stucco 
covered,  gypsum  wallboard  interior,  oak  floors  and  scrap  lumber  to  simulate 
furnishings  was  ignited  and  permitted  to  burn  completely. 


Maximum  Temperature 

1538°  C  (2800°  F) 

>760°  C  (>1400°  F)  for  10  min 

925°  C  ( 1700°  F) 

>454°  C  (>850°  F)  for  75  min 

1260° C  (2300°  F) 

>620°  C  (>1150°  F)  for  80  min 


Thermocouple  Locations 


recorded  at  1  ft  above  grade 
recorded  at  2  ft  above  grade 
recorded  at  grade 


Richmond  Test  No.  2^^) 


Two  single-story  wood  houses,  one  measuring  50  X  22  ft  and  the  other 
24  X  18  ft,  about  7  ft  apart* at  their  nearest  corners  were  ignited  and  allowed 
to  burn  completely. 

Maximum  Temperature  _ Thermocouple  Locations _ _ 

>1370°  C  (>2500°  F)  recorded  at  grade  and  at  1  ft  and  2  ft  above 

TCPL  failure  at  25  min  grade  inside  houses 

U.  S.  Forest  Service  Burns(82> 

Test  Fire  760-2 

Thirty-six  piles  of  pinion  pine  each  weighing  20  tons  ("over-dry  weight") 
and  measuring  47  ft  square  by  8  ft  high  were  simultaneously  ignited  over  an 
area  of  4-1/2  acres. 


Maximum  Temperature 


Thermocouple  Locations 


>1455°C  (>2650°F) 

(TCPL  failure) 

1090°C  (2000° F) 

>540°C  (>1000°F)  for  10  min 

260° C  (500°F) 

>120°C  (>250°F)  for  35  min 

760° C  (1400°F) 

>370°C  (>700°F)  for  15  min 

Test  Fire  460-14 


recorded  at  two  piles  (one  peripheral) 
within  2-1/4  min  from  ignition 

recorded  at  20-ft  height  in  center  of  fire 
area 

recorded  at  20-ft  height  in  aisles  just 
inside  peripheral  piles 

recorded  at  20-ft  height  in  aisles  just 
inside  peripheral  piles 


A  40-acre  plot  containing  324  simulated  houses,  each  approxi¬ 
mating  20  tons  of  "dry  weight"  pinion  pine,  was  ignited. 


Maximum  Temperature 

760° C  ( 1400°  F) 

>370°  C  (>700°  F)  for  5  min 


Thermocouple  Locations 


recorded  in  flame  zone 


Test  Fire  380-4-63(82»  274) 


Maximum  Temperature 

>1430° C  (>2600°  F) 

>700°  C  (>1300°  F)  for  16  min 

1065°  C  ( 1950°  F) 

>480°  C  (>900°  F)  for  1  hr 


_ Thermocouple  Locations 

recorded  15  ft  above  fuel  bed 


recorded  at  middle  and  top  of  fuel  bed 


Test  Fire  380-6-63<82) 

In  a  fire  designated  as  380-6-63,  the  temperature  profile  at  three 
points  with  respect  to  time  were  as  follows: 


Maximum  Temperature 

140° C  £-290°  F) 

>65°  C  (>1506F)  for  52  min 

80°  C  (~  170°  F) 

>30°  C  (>85°  F)  for  70  min 


_ Thermocouple  Locations _ 

recorded  at  a  distance  of  6  ft  from  the  fire 


recorded  at  a  distance  of  53  ft  from  the  fire 


43°  C  (~  1 10®  F) 


recorded  at  a  distance  of  200  ft  from  the 
fire 


Los  Angeles  School  Burns!  19  5,  196) 


Several  tests  were  conducted  with  1400  lb  of  pallets  as  fuel 
burned  in  various  areas  of  a  large  school  building.  High  temperatures  were 
reached  throughout  the  test  fire,  and  extinguishment  was  initiated  either  man¬ 
ually  or  by  automatic  sprinklers  at  or  before  20  minutes.  High  temperatures 
reached  on  the  average  were  well  above  540®  C  (1000®F)  and  in  many  cases 
above  700°  or  760°  C  (1300°  or  1400®  F).  Some  went  above  816® C  (1500®  F). 
These  maximums  were  reached  at  approximately  10  min  after  ignition  with 
temperatures  above  half  the  maximum  value  for  12to  14  minutes. 

A  second  series  of  tests  was  conducted  with  varying  amounts  of 
fuel  such  as  paper,  rags,  and  wood.  The  fuel  was  ignited  and  allowed  to  burn 
free  for  varying  periods  of  time  until  extinguishment  was  initiated  manually. 
Maximum  temperatures  of  816®  C  (1500®F)  or  higher  were  common  with  wood 
cribs  (200  to  350  lb)  burned  in  areas  of  combustible  interior  finish.  These 
high'/temperatures  were  reached  within  2  min  of  ignition  and  continued  well 
above  540° C  (1000®F)  for  the  duration  of  the  test  -  10  to  15  minutes. 


St.  Lawrence  Burns!  ^H) 


Six  abandoned  dwellings,  three  with  relatively  incombustible 
linings  and  three  with  relatively  combustible  linings,  were  burned  with  wood 
cribs  as  simulated  furnishings. 


Maximum  Temperature 

>955“  C  (>1750®  F) 

>470®  C  (>875®  F)  for  26  min 
until  TCPL  failure 

>955®  C  (>1750®  F) 

>470®  C  (>875®  F)  for  18  min 
until  TCPL  failure 


Remarks 


recorded  in  houses  with  combustible  linings 


recorded  in  houses  with  (relatively)  incom¬ 
bustible  linings 


a.  Other  Experiences 

InaU.S.  Forest  Service  Research  Note!^^),  C.  W. 

Philpot  concludes  that  temperatures  in  a  mass  fire  may  be  in  excess  of  1455®C 
(2650°F).  This  is  supported  by  Broido  and  McMasters^?);  however,  it  should 
be  noted  that  both  these  maximums  were  recorded  on  thermocouples  that 
failed.  As  a  result  of  these  failures,  the  maximum  temperatures  reached 
were  not  recorded  in  those  fires.  A  portion  of  Philpot's  conclusions  con¬ 
cerning  the  maximum  recorded  temperatures  reads  as  follows: 

"Temperatures  of  2650® F  were  recorded  by  bare  thermo¬ 
couples  in  and  above  the  flame  zone  on  a  large  field  test 
fire.  Even  higher  temperatures  are  probable,  judging  from 
such  evidence  as  the  melting  of  steel  and  chromel  wire  and 
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the  light  yellow-orange  areas  of  flame  appearing  in  certain 
areas  of  the  fire.  This  means  that  the  1500°  F  measured 
by  Bruce,  Pong,  and  Fons  (1959),  the  1800° F  predicted  by 
Byram  (Davis  1959),  the  1500°F  reported  by  Lindenmuth 
and  By  ram  (1948),  and  2000°  F  predicted  by  Vehr.encamp 
(1956)  are  low  for  mass  fire  situations.  These  values  relate 
to  much  lighter  fuel  loadings  than  in  the  present  study. 

Our  readings  are  more  in  agreement  with  the  2600°F 
recorded  by  Broido  and  McMasters  (I960).  Therefore,  it 
may  be  necessary  to  use  values  of  2600°F  or  higher  when 
trying  to  describe  the  thermodynamics  of  large  fires.  " 

In  Reference  (350),  police  engineers  in  Hamburg  estimated 
that  temperatures  within  the  firestorm  area  went  as  high  as  800° C  (1472° F). 
Leutz,  who  was  in  Hamburg  at  the  time  of  this*  fire,  estimates  that  the  tempera¬ 
ture  of  the  firestorm  was  as  high  as  140O°C  (2552°  F)  (see  Fig.  2).  It  is  not 
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known  just  where  these  temperatures  were  estimated  to  haveibeeniencountered. 
However,  Leutz  states  that  "It  can  be  assumed,  from  both  the  experiences 
of  World  War  II  and  fire  experts,  that  a  temperature  of  from  300°  to  400°  C 
exists  for  a  period  of  about  five  or  six  hours  on  a  shelter  roof  slab"(182)  (see 
'Fig.  3).  Thus, it  appears  that  Leiitz  is  making  reference  to  the  lower 


Source:  See  Ref.  (182) 


i 

! 
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FIGURE  3.  TEMPERATURES  OF  THE  FLAME  AND  EXPOSED 
FACE  OF  SHELTER  CEILING  SLAB 


temperatures  to  be  expected  out  in  the  open  as  opposed  to  temperatures  within 
burning  buildings  or  directly  within  the  fire  area. 

b.  Summary 

Temperatures  well  in  excess  of  1090°C  (.2000 °F)  can  be 
expected  within,  .immediately  above,  and  downwind  of  well-involved  burning 
structures.  Maximum  temperatures  in  natural  free -burning  fires  have  yet 
to  be  recorded;  however,  they  are  expected  to  be  around  1650°C  (3000^  F)  in 
those  fires  which  burn  intensely  with  a  high  rate  of  fuel  consumption.  Tem¬ 
peratures  drop  off  rapidly  with  distance  from  a  burning  structure  particularly 
on  the  upwind  side  and  remain  at  their  maximums  only  for  short  periods. 

Fuel  that  is  free  standing  burns  faster  and  hotter  because  of  its 
free  access  to  oxygen.  Fuel  that  has  fallen  and  been  piled  with  rubble  will  reach 
its  temperature  peak  much  later  and  burn  longer.  In  the  El  Cerrito  burn, 
the  rubble  was  probed  with  instruments  at  intervals  for  one  day  following 
ignition,  and  temperatures  as  high  as  1030°  C  (1890°  F)  were  recorded  21  hr 
after  ignition.  The  average  temperature  reading  after  fifteen  measurements 
taken  throughout  the  21-hr  period  was  approximately  315°C  (600°  F). 
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2.  Thermal-Radiant  Energy 

Heat  from  a  fire  occurs  in  three  forms  of  energy:  convective, 
radiant,  and  conductive.  The  radiant  energy  received  at  any  point  around 
the  fire  is  a  function  of  the  temperature  of  the  fire,  its  emissivity  and  the 
distance  from  it.  Considering  that  temperatures  in  burning  buildings  fre¬ 
quently  reach  1090°  C  (2000°  F)  and  sometimes  1315°  C  (2400°  F)' or  higher, 
radiant  energies  reach  levels  which  are  significant  to  the  mass  fire  life 
hazard. 


In  general,  the  intensity  of  radiation,  I,  emitted  from  a  hot  body 
is  related  to  its  absolute  temperature,  T,  according  tp  the  law 


I  =  Eo-T4 


(1) 


where 


E  is  emissivity,  less  than  or  equal  to  unity 
cr  is  the  Stefan-Boltzmann  constant 
T  is  the  absolute  temperature 

The  emissivity  of  a  surface  has  a  maximum  value  of  unity,  and 
a  small  opening  in  the  wall  of  a  uniformly  heated  enclosure  having  opaque 
walls  tends  to  be  blackbody  radiation.  Calculations  indicate  that  most  flames 
greater  than  15  in.  in  depth  will  have  an  emissivity  value  approaching  unity. 
With  this  information  and  the  temperature  ranges  previously  discussed,  the 
ranges  of  radiant  energy  which  may  be  emitted  within  a  mass  fire  environ¬ 
ment  can  be  predicted. 

The  radiation  falling  on  any  surface  is  inversely  proportional 
to  the  square  of  the  distance  between  it  and  the  emitting  source  if  the  emitting 
source  is  a  point  source.  If  the  source  of  energy  is  not  a  point  but  an  extended 
area  (or  volume),  then. this  simple  law  does  not  hold  and  the  intensity  received 
at  any  point  depends  orithe  shape  and  orientation  of  the  radiator  with  respect 
to  the  receiver.  A  procedure  for  determining  radiation  levels  has  been  estab¬ 
lished- bv  Law(*76)  and  McGuire^ 214). 

Thermal  radiation  is  considered  by  many^^’  ^t>6)  as  the 
most  important  source  of  fire  spread  within  urban  areas.  There  is  no  ques¬ 
tion  that  thermal  energies  strong  enough  to  ignite  exposed  structures  can  be 
generated  from  considerable  distances  by  burning  structures.  A  recent  U.  S. 
Forest  Service  burn  of  simulated  one-story,  two-bedroom  frame  houses 
created  thermal  radiant  energies  of  approximately  0. 5  cal/cm^-sec  at  dis¬ 
tances  of  100  ft  from  the  fire's  edge.  w46) 


Spontaneous  ignition  of  wood  requires  intensities  of  0.8  cal/cm^- 
sec,  and  pilot  ignition  requires  approximately  0.4  cal/cm^-sec.  Spontaneous 
ignition  usually  occurs  within  2  min  after  exposure  or  not  at  all,  but  the  time 
for  pilot  ignition  in  the  open  can  be  longer,  arid  near  the  threshold  level  of 
radiation,  heating,  times  of  the  order  of  10  min  are  needed  before  ignition  can 
take  place.  (176) 


Two  levels  of  peak  radiation  intensity  are  proposed  by  Law^^b)^ 
one  severe  and  the  other  moderate.  The  temperature  of  the  fire  depends  on 
the  rate  of  burning,  and  fires  are  considered  as  divided  into  two  types:  (1)  those 
in  which  the  ventilation  is  restricted  and  the  rate  of  burning  depends  on  the 
size  of  the  window;  and  (2)  those  iri  which  the  window  area  is  comparable  to 
the  floor  area  and  the  rate  of  burning  depends  on  the  fire  load,  its  surface 
area  and  arrangement,  and  not  on  the  window  area. 

The  first  type  of  fire  may  be  said  to  be  ventilation  controlled 
and  the  second  type  fuel  controlled.  The  ventilation  controlled  fires  tend  to 
have  a  limiting  value  of  less  than  1100°G  (2000°  F)  which  corresponds  to  a 
theoretical  maximum  radiating  level  of  4  cal/cm^-sec.  Each  of  these  two 
types  of  fires  is  considered  under  severe  conditions  (i.e.,  maximum  heat 
release)  and  under  moderate  conditions  which  are  defined  as  a  fire  load  of 
less  than  5  lb/ft^.  As  previously  mentioned,  the  severe  case  in  each  type  of 
fire  tends  to  an  upper  limit  of  4  cal/cm^-sec,  and  the  moderate  case,  as 
mentioned,  corresponds  to  a  radiation  intensity  of  2  cal/cm^-sec. 

In  the  more  severe  cases  where  room  temperatures  reach  1370°C 
(2500°  F)  or  higher,  the  radiant  intensities  can  increase  to  10  cal/cm?-sec. 

The  theoretical  radiation  intensity  of  a  blackbody  at  1650°  C  (3000°  F)  approache 
20  cal/ cm^-sec. 

The  highest  radiation  level  recorded  during  the  St.  Lawrence 
Burns(3H)  Was  1.25  cal/cm^-sec  at  a  distance  of  15  ft  from  the  burning 
structure.  The  U.  S.  Forest  Service  has  recorded  radiation  intensities  of 
0. 2  cal/cm^-sec  at  distances  of  90  ft  from  the  burning  fuel(®^.  Levels  as 
high  as  0.6  cal/cm^-sec  were  recorded  in  another  fire  at  a  distance  of  100  ft 
from  the  burning  fuel.(346). 

To-date,  little  experimental  work  has  been  accomplished  to 
better  define  the  radiant  energies  to  be  expected  at  varying  distances  from 
burning  structures. 

Since  the  radiation  intensity  is  directly  proportional,  at  any  one 
point,  to  the  fourth  power  of  the  absolute  temperatures  [see  Eq.  (ljj,  the 
radiation  will  increase  very  quickly  to  its  peak  with  the  fire  and  fall  off 
quickly  as  the  fire  dies.  Of  all  three  modes  of  heat  transfer,  radiation  has 
the  shortest  response  time. 
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Conductive  Heat 


In  any  mass  fire  situation,  there  will  be  rubble  and  debris,  and 
this  may  result  in  one  of  two  ways.  Structures  may  first  be  levelled  by  forces 
such  as  earthquakes,  overpressures  resulting  from  high  explosive  bombs,  or 
even  thermonuclear  weapons.  Ignition  frequently  follows,  and  the  rubble  con¬ 
tinues  to  burn.  Under  other  circumstances,  structures  may  be  ignited  while 
standing  free  and  then  collapse  as  a  result  of  weakening  by  the  fire. 

Experience  in  Germany  indicates  that  there  was  a  considerable 
amount  of  hot  debris  from  both  causes  throughout  Hamburg,  Dresden,  and 
other  cities.  In  many  cases,  the  shelters  covered  by  burning- smoldering 
debris  could  not  be  entered  for  days  and  sometimes  even  weeks  after  the 
raids.  (^®)  The  degree  of  heat  and  the  length  of  time  it  existed  in  these 
debris  piles  is  unknown. 

4.  Carbon  Monoxide 


Carbon  monoxide  is  one  of  the  oldest  known  poisons.  Car¬ 
bon  monoxide  is  a  product  of  both  thermal  decomposition  and  the  combustion 
of  carbonaceous  matter  and  has  long  been  recognized  as  a  hazard  to  life.  The 
amount  of  carbon  monoxide  produced  in  a  fire  is  variable  and  depends  on  the 
chemical  composition  of  the  fuel,  amount  of  oxygen  present,  the  temperature 
in  and  around  the  combustion  zone  and  the  time  factor. (99,  100) 

As  with  most  toxic  gases,  carbon  monoxide  has  been  considered 
as  an  industrial  poison.  Only  in  very  recent  years  has  attention  been  given 
to  toxic  gases  developing  during  fires.  Because  of  its  relatively  high  toxicity, 
it  has  been  monitored  in  many  of  the  experimental  burns,  and  concentrations 
of  varying  degree  have  been  reported. 

The  ensuing  discussion  of  carbon  monoxide  and  the  percentages 
which  can  be  expected  within  a  mass  fire  can  perhaps  best  be  presented  by 
separating  the  experimental  work  to  date  into  two  categories:  (1)  that  work 
which  has  been  done  with  experimental  fires  and  the  monitoring  of  carbon 
monoxide  directly  above  or  adjacent  to  the  burning  fuel  or  even  in  the  same 
structure,  and  (2)  that  work  which  has  been  done  with  monitoring  of  carbon 
monoxide  outside  of  burning  structures  or  at  relatively  greater  distances  from 
the  burning  fuel.  Some  experiments  of  this  type  are  reviewed  in  detail  in  this 
section. 


As  in  the  previous  section  on  heat,  the  data  on  carbon  monoxide 
will  be  discussed  in  ranges  rather  than  precise  concentrations  at  specific 
moments  at  a  particular  location. 


a.  Carbon  Monoxide  Monitored  within  Burning  Structures 
and  Directly  Above  or  Adjacent  to  Burning  Fuel 

(1)  Kingman,  et  al. 

An  interesting  series  of  tests  was  conducted  by 
Kingman,  et  al.(^9)t  in  which  oxygen  (O2),  carbon  dioxide  (CO2)  and  carbon 
monoxide  (CO)  concentrations  were  monitored  on  the  second  floor  of  two 
houses  which  were  both  fitted  out  with  simulated  furniture  and  ignited  on  the 
first  floor.  Ozie  house  had  an  interior  finish  of  fiber  insulating  board  and  the 
other  had  plasterboard  lining.  The  results  of  these  tests  are  presented  in 
Table  3  and  plotted  in  Figure  4. 


TABLE  3.  ANALYSIS  OF  THE  ATMOSPHERE  IN  BURNING  HOUSES 


Test  1:  Fibre  Insulating  Board*  Test  2:  Plasterboard  Lining* 


Time, 

min 

Gas  Composition, 

O2  co2 

%  (vol) 

CO 

Time, 

min 

Gas  Composition,  %(vol) 

o2  co2  CO 

Room 

1:  door  closed 

Room 

1:  door  closed 

0 

20.  8 

nil 

nil 

0 

20.  8 

nil 

nil 

3 

20.8 

nil 

nil 

3 

20.4 

0.  1 

0.6 

6 

15.6 

0.4 

0.9 

6 

20.  1 

0.  1 

1.2 

9 

15.6 

1.5 

0.7 

12 

20.  3 

0.  3 

0.4 

12  ' 

1.8 

16.  7 

1.3 

15 

20.  2 

0.2 

0.  5 

15 

0.  8 

0.8 

10.4 

18 

19.4 

1.3 

0.  8 

24 

15.6 

5.2 

1.0 

27 

15.4 

4.4 

0.9 

35 

0.4 

19.6 

0.9 

Room  2:  door  open 

Room  2:  door  open 

0 

20 . 5 

0.4 

nil 

0 

20.6 

0.2 

nil 

3 

19.9 

0.7 

0.3 

3 

19.  2 

1.3 

nil 

6 

3.6 

12.4 

0.  5 

6 

18.  5 

2.  2 

0.5 

9 

0.5 

17.8 

1.4 

12 

17,  2 

2.6 

0.3 

12 

1.6 

17.  8 

19.8 

15 

16.6 

3.6 

1.  1 

15 

0.  3 

17.3 

12.  3 

18 

16.4 

4.0 

1.0 

1.8 

O'.  3 

9.2 

16.7 

21 

15.6 

4.4 

0.8 

24 

19.7 

0.9 

0.8 

.30 

0.2 

19. 8 

3.8 

35 

9.9 

10.9 

1.6 

#In  both  tests,  rooms  1  and  2  are  on  the  second  floor.. 
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FIGURE;  4.  VARIATIONS  OF  OXYGEN  AND  CARBON  MONOXIDE  IN  FIRES 


In  House  No.  1,  the  carbon  monoxide  concentrations 
went  from  0.  5  percent  at  6  min  to  well  over  10  percent  at  15  minutes.  The 
average  recorded  percentage  over  the  18-min  recording  period  in  Room  No.  2 
was  above  7  percent. 


In  House  No.  2,  the  carbon  monoxide  concentrations 
reached  0.5  percent' at  3  to  6  min  and  varied  between  there  and  3.8  percent 
for  the  30-min  test  duration  for  an  average  of  0.  85  percent.  Note  the  fact 
that  there  is  very  little  difference  in  the  concentrations  in  the  open  and  closed 
rooms  in  the  second  test  compared  to  the  differences  in  the  first. 

(2)  Forest  Products  Labor  atory(^) 

In  a  series  of  six  burn-out  tests  conducted  by  the 
Forest  Products  Laboratory  reported  by  Bruce(^^),  various  room  interior  finish 
materials  were  tested.  The  room  measured  8  ft  X  12  ft  and  simulated  furni¬ 
ture  (sweetgum  lumber,  burlap,  wood  shavings,  etc.)  was  used.  Carbon 
monoxide  concentrations  were  monitored  in  three  of  the  six  tests  (see 
Table  4). 


TABLE  4.  ANALYSIS  OF  THE  ATMOSPHERE  IN  BURNING  ROOMS 


%  CO  by  Volume 

Time, 

Test  1  -  Fibre  Insulation 

Test  2  -  Fibre  Insulation 

Test  3  -  Gypsum 

min 

Board  (Unfinished)  ' 

Board  (Finished) 

Wallboard 

2 

0 

0 

0 

4 

0 

0 

0 

6 

0.  1 

0 

0 

8 

0.  2 

4.  5 

0.6 

10 

0 

13.2 

0.4 

12 

0.2 

0.7 

1.7 

14 

0,7 

- 

1.0 

15 

1.4 

- 

- 

16 

0.4 

- 

- 

(Because  of  different  sampling  times,  some  of  the  above  values  were  inter¬ 
polated  for  comparison  and  used  in  this  report.) 

More  recent  tests  performed  by  the  Forest  Products 
Laboratory  are  reported  by  Schaffer  and  Eickner(^07)  ancj  reflect  the  results 
of  three  experimental  fires  conducted  in  a  corridor  with  three  different  wall 
linings  (see  Table  5). 

TABLE  5.  ANALYSIS  OF  THE  ATMOSPHERE  IN  A  BURNING  CORRIDOR 

%  CO  by  Volume 

Time, 

Test  1  -  White  Pine 
Wainscot  up  to  3  ft, 
Flat  Painted  Plaster 

Test  2  -  Prefinished 
Wood-Grained  Hard- 

Test  3  -  Red  Oak 

min 

Walls  Aboye 

board  on  Walls 

on  Walls 

1:30 

_ 

0.  1 

3:15 

- 

0.  15 

- 

4:40 

- 

- 

0.  5 

6:15 

0.  3 

- 

- 

6:30 

- 

4.  5 

- 

8:15 

- 

7.0 

- 

10:00 

- 

10.0  + 

- 

13:00 

0.  3 

- 

- 

(3)  Broido  and  McMasters(37) 


A  number  of  experimental  building  fires  has  been 
reported  by  Broido  and  McMasters,  and  these  are  summarized  as  follows: 

Richmond  Test  No.  1  -  A  two- story,  four -apartment 
building  measuring  50  ft  X  28  ft,  with  stucco  exterior, 
sheetrock  interior,  oak  floors,  and  scrap  lumber 
simulated  furnishings  (see  Table  6). 


TABLE  6.  ANALYSIS  OF  GAS  SAMPLES 
Time,  min  %  CO  by  Volume 


13 

0. 1 

19 

0. 1 

34 

4.0 

44 

8.0 

113 

0. 1 

197 

0.  1 

Richmond  Test  No.  2  -  This  test  was  conducted  on 
a  single-story  wood  house  measuring  50  ft  X  22  feet. 
Carbon  monoxide  levels  reached  a  momentary  (1  or 
2  min)  high  of  1.0  percent  during  the  test  at  35  min 
and  immediately  fell:  to  its  previously  apparent  level 
of  less  than  0.2  percent. 

Los  Angeles  Test  No.  1  -  This  test  was  conducted 
using  2X4  mill  ends  scattered  to  a  depth  of  about 
2  ft  in  a  single  room  of  an  abandoned  school.  Car¬ 
bon  monoxide  levels  rose  gradually  to  a  high  of 
0.  5  percent  at  the  end  of  the  17-min  test.  This  fire 
was  extinguished  before  fuel  became  involved  at 
floor  level. 

Los  Angeles  Test  No.  2  -  A  single  room  of  an 
abandoned  school  was  loaded  with  lath  and  pallets 
and  allowed  to  burn  for  less  than  12  min  before 
manually  extinguished.  Carbon  monoxide  levels 
began  to  rise  rapidly  at  4  min  and  went  off  the 
2-percent  scale  at  6  minutes. 

Briones  Burn  -  Windrows  of  trees  and  brush  were 
burned  over  an  11 -acre  plot,  and  carbon  monoxide 
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concentrations  were  recorded  3  ft  inside  the  edge 
and  5  ft  outside  the  edge  of  one  of  the  windrows.  At 
a  point  3  ft  inside  the  windrow,  levels  greater  than 

2  percent  at  3  min  caused  failure  of  the  detection 
equipment.  At  a  point  5  ft  outside  the  windrow, 
levels  above  2  percent  were  recorded  for  a  brief 
5-min  period  after  which  levels  dropped  to  less 
than  0.  1  percent  for  the  remainder  of  the  burn. 

Camp  Parks  Burn  -  Approximately  250  tons  of  scrap 
lumber  and  poles  were  distributed  in  piles  measuring 
20  ft  X  15  ft,  7  ft  high  and  spaced  over  a  4-acre  plot. 
Gases  were  sampled  in  a  rubble  fire  wood  pile,  a  pile 
containing  rubble,  and  midway  between  two  piles. 

A  shelter  within  the  burn  area  was  also  monitored. 
Concentrations  recorded  in  the  rubble  pile  rose  to 
5  percent  or  higher  (7  percent)  for  approximately 

3  hr  and  only  fell  back  to  0.04  percent  when  the 
rubble  pile  fell  below  the  intake  level  of  the  vent. 
Carbon  monoxide  levels  recorded  in  the  rubble  fire 
pile  rose  to  1. 5  percent  at  6  min  and  then  fell  to 
levels  of  0.  11  percent  at  1.8  min  and  0.  16  percent  at 
33  minutes. 


(4)  St.  Lawrence  Burns^ 3 H) 


Six  abandoned  dwellings,  three  with  combustible 
linings  and  three  with  relatively  noncombustible  linings,  were  burned  with 
wood  cribs  as  simulated  furnishings.  The  instrumentation  used  was  not 
capable  of  measuring  beyond  1. 5-percent  carbon  monoxide;  however,  these 
maximums  were  recorded  as  early  as  2-1/2  min  in  structures  lined  with 
combustibles.  Levels  of  1.  1  percent  were  recorded  at  5  min  in  structures 
with  relatively  noncombustible  linings. 

b.  Carbon  Monoxide  Monitored  Outside  of  Burning  Structures 
or  at  Relatively  Greater  Distances  from  the  Burning  Fuel 

(1)  U.  S;  Forest  Service  Burns(^>  ^74) 


These  burns  have  been  conducted  on  a  larger  and 
more  fully  instrumented  scale  than  any  others  to  date. 

One  such  fire,  designated  as  Plot  760-2,  covered 
4-1/2  acres  and  contained  thirty -six  piles  of  20  tons  each  of  pinion  pine  and 
juniper,  each  pile  47  ft  square  and  7  to  10  ft  high.  Carbon  monoxide  con¬ 
centrations  were  measured  at  a  20 -ft  height  over  one  of  the  central  piles  and 
measured  a  level  of  approximately  1  percent  for  a  period  of  9  min,  gradually 
dropping  to  0.  5  percent  over  the  next  16  minutes. 
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Concentrations  in  two  other  plots  are  also  reported. 

In  test  fire  380-2-63,  levels  of  carbon  monoxide  as  measured  12  in.  above 
the  ground  exceeded  2  percent  for  approximately  5  min  and  then  fell  to  a  level 
below  0.  5  percent  for  the  remainder  of  the  test.  In  test  fire  760-1-64,  levels 
measured  at  a  height  of  20  ft  never  rose  above  0;2  percent. 

(2)  Camp  Parks  Burn(^) 

In  this  burn,  carbon  monoxide  was  monitored  at  a 
point  between  two  burning  piles  approximately  9  ft  from  each  one.  The 
reported  carbon  monoxide  levels  never  exceeded  0.08  percent. 

c.  Summary 

Experimental  work  to  date  indicates  that  extremely  high 
(relative  to  toxicity  values)  levels  of  carbon  monoxide  may  be  formed  in  the 
immediate  area  of  burning  material.  However,  these  high  concentrations 
last  only  for  a  short  period  of  time.  In  open  fires,  the  maximum  carbon  monox¬ 
ide  levels  and  the  time  span  during  which  the  levels  are  above  any  particular 
concentration  both  decrease  rapidly  with  increasing  distance  from  the  burning 
fuel.  In  open  fires,  the  highest  level  recorded  at  horizontal  distances  of  9  ft 
or  greater  has  been  0.08  percent. 

In  closed  fires,  the  levels  are  higher  and  last  longer.  No 
specific  values  can  be  attached  to  the  levels  of  carbon  monoxide  to  be  expected; 
however,  it  has  been  shown  that  levels  well  above  the  survivable  limits  have 
been  recorded  in  the  enclosed  experimental  fires. 

As  a  part  of  analyzing  the  important  parameters  in  a  fire, 
a  variety  of  interior  finish  building  materials  was  monitored  for  their  pro¬ 
duction  of  combustion  products  during  the  standard  ASTM  E-84  tunnel  test. 
This  test  and  the  method  of  gas  analysis  used  is  fully  explained  in  Section  VII. 
Approximately  150  materials  were  burned  and  the  gases  analyzed  for  their 
carbon  monoxide  content.  In  addition  to  the  momentary  maximum s produced, 
the  total  production  of  carbon  monoxide  during  the  carefully  controlled  test 
was  also  monitored.  The  results  indicate  an  extremely  wide  variance,  with 
some  materials  producing  as  much  as  6,  7,  8,  and  16  percent  carbon  monox¬ 
ide  in  the  combustion  product  stream.  These  results  indicate  the  high  con¬ 
centrations  of  carbon  monoxide  that  might  exist  within  a  structure  where  there 
is  a  fire. 


In  terms  of  the  mass  fire  life  hazard,  these  results  indi¬ 
cate  the  importance  of  protecting  against  the  influx  of  fire  gases  in  those 
areas  where  shelters  are  within  a  building  and  close  to  combustibles.  To  date, 
the  existence  of  a  serious  hazard  of  carbon  monoxide  in  the  open  has  not  been 
shown  either  theoretically  or  experimentally. 


5. 


Anoxia  as  a  Factor 


Oxygen  is  necessary  for  the  process  of  combustion,  and;  as  such, 
it  is  consumed  in  the  process.  Several  experimenters  have  monitored  the 
atmosphere  in  and  around  test  fires  in  order  to  determine  the  oxygen  content 
of  that  atmosphere. 

Tests  performed  by  the  Forest  Products  Laboratory  and  reported 
by  BruceHk)  show  oxygen  concentrations  in  one  fire  reduced  to  0.  8  percent 
and  below  10  percent  for  approximately  5  minutes.  In  two  other  fires,  the 
oxygen  content  never  fell  below  12  percent.  More  recent  work  by  the  Forest 
Products  Laboratory  reported  by  Schaffer  and  Eickner^3®^  reflects  a  reduc¬ 
tion  of  oxygen  in  one  test  to  4.4  percent. 

Work  by  Kingman,  et  al.(1^9)>  as  reported  earlier  in  Table  3, 
shows  reduction  of  oxygen  in  one  test  to  0.  2  percent  and  in  the  other  to  0. 3 
percent.  No  complete  time  factor  is  given. 

In  a  series  of  tests  reported  by  Broido  and  McMaster s^?), 
oxygen  concentrations  within  burning  buildings  reached  a  low  of  5  percent 
and  stayed  below  10  percent  for  a  period  of  approximately  10  min  in  one  test. 

In  another  test.^the levels  reached  a  low  of  less  than  2  percent  and  stayed 
below  10  percent  for  a  period  of  approximately  10  minutes.  Oxygen  concen¬ 
trations  measured  9  ft  from  the  nearest  fuel  in  the  center  of  a  large  burn  did 
not  fall  below  <20  percent,  while,  during  the  same  burn,  concentrations  mea¬ 
sured  inside  a  burning  fuel-rubble  pile  fell  below  2  percent  for  a  short  period 
and  stayed  below  10  percent  for  nearly  4  hr  until  the  rubble  fell  below  the 
intake  level  of  the  sampling  vent. 

Countryman^ has  indicated  the  oxygen  drop  recorded  in  two 
test  fires.  The  lowest  level  reached  was  5  percent  (below  10  percent  for 
approximately  5  min)  in  test  fire  380-3-63.  In  the  other,  test  fire  760-1-64, 
levels  never  dropped  below  14  percent. 

During  the  St.  Lawrence  Burns^311^,  the  oxygen  concentrations 
were  reduced  to  levels  of  6.  5,  6.0,  9.4,  6.6,  8.9,  and  2.  7  percent.  Unfor¬ 
tunately,  no  time  durations  were  recorded. 

In  summary,  experimental  work  to  date  has  shown  that  oxygen 
concentrations  in  and  immediately  around  burning  structures  can  drop  to 
levels  very  near  zero;  however,,  these  levels  have  remainedUow  only  for 
short  periods  of  time.  In  addition,  these  low  levels  could  not  be  found  at 
distances  of  5  ft,  9  ft,  and  25  ft  from  burning  fuel.  Oxygen  within  smoldering 
rubble  piles  has  been  shown  to  drop  below  2  percent  and  stay  below  10  percent 
for  4  hours.  Tests  conducted  by  SwRI  indicate  that  oxygen  concentrations  in 
the  combustion  stream,  during  the  burning  of  interior  finish  building  materials, 
can  easily  drop  to  near  zero  for  periods  of  5  min  or  longer.  Some  materials 
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were  found  to  drop  the  oxygen  levels  to  as  low  as  2  percent.  Oxygen  levels, 
therefore,  are  a  serious  matter  for  persons  caught  in  a  burning  building,  but 
they  do  not  appear  to  be  a  factor  for  those  caught  in  the  open. 

6.  Other  Toxic  Gases 

The  pyrolysis  of  materials  in  a  mass  fire  can  be  expected  to 
release  a  wide  range  of  gases  ranging  from  irritants  to  anesthetics,  to  nerve 
gases,  and  others  of  a  highly  toxic  nature.  (385)  Table  7  is  presented  only  to 
illustrate  the  complexity  of  combustion  gases.  This  table  should  be  viewed 
with  care  as  all  the  materials  were  not  burned  under  the  same  conditions.  (  ?&) 

A  survey  conducted  by  Underwriters'  Laboratories^^)  bears 
witness  to  the  complexity  of  defining  the  toxic  gases  produced  from  certain 
building  materials.  The  toxic  gas  concentrations  reported  by  the  many 
authors  who  have  investigated  this  problem  were  measured  at  or  very  near 
the  burning  fuel,  and,  as  a  result,  extrapolation  to  the  mass  fire  environment 
is  at  least  very  difficult  if  at  all  possible.  Review  of  the  literature  and  reports 
available  indicate  that  no  theoretical  or  experimental  work  has  been  accom¬ 
plished  in  defining  the  toxic  gases  to  be  expected  in  a  mass  fire  environment. 

Easton  reports  that  in  some  cases  the  ma)<br  injuries  resulting 
from  the  inhalation  of  smoke  may  be  caused  by  toxic  constituents  other  than 
carbon  monoxide.  He  lists  these  various  constituents  as:  carbon  dioxide, 
methane,  acetic  acid,  formic  acid,  methyl  alcohol,  tar,  and  other  products 
simply  referred  to  as  including  hydrogen,  acetone,  formaldehyde,  hydro¬ 
carbons,  organic  acids,  alcohols,  aldehydes,  esters,  ketones,  and  phenol 
derivatives.  w9,  100) 

Table  8  (shown  on  page  33)  as  prepared  by  Martin  presents  the 
main  volatile  products  produced  from  the  low-rate  pyrolysis  of  cellulosic 
materials  in  relation  to  temperature. 

The  NFPA  Fire  Gas  Research  Report^^)  points  up  the  presence 
and  toxicity  of  nitrogen  oxides  in  a  fire,  plus  chlorine,  sulfur  dioxide j  cya¬ 
nides,  and  carbon  disulfide.  No  experimental  data  are  presented. 

In  1953,  Bruce  reported  on  experimental  work  conducted  by  the 
Forest  Products  Laboratories^^)  jn  which  the  concentration  of  unsaturated 
hydrocarbons,  saturated  hydrocarbons  (calculated  as  methane),  and  hydrogen 
were  monitored.  In  1959,  Coleman  presented  a  review  of  the  published  results 
of  work  on  the  problem  of  gaseous  combustion  products  from  plastics. 

The  results  of  these  investigations  point  up  the  many  toxic  gases 
to  be  found  in  the  combustion  products  produced  by  burning  various  materials. 
Any  attempt  to  draw  conclusions  from  this  work  as  regards  the  mass  fire 
environment  would  simply  be  conjecture.  The  problem  of  toxic  gases  has 
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TABLE  7.  SUMMARY  OF  DECOMPOSITION  PRODU 


Investigator 

Material 

Method 

of 

Testing 

Oxygen 

<o2) 

Carbon 

Dioxide 

(C02) 

Carbon 

Monoxide 

(CO) 

Chlorii 

(Cl2) 

F.  D.  Snell 

Melamine  resin 

» 

Heated  in  a  cur¬ 

paper,  or  wool1 

rent  of  air  ,and 

products  passed 

f  Not  analysed 

over  rats  in 

cages  J 

J.  C.  Olsen 

Wood 

5  lb  burned  in 

9.8 

6.2 

6.  2 

- 

1 10  ft3  air 

Rubber 

Insulation  on 

6.6-13.4 

6.6-13.6 

3.4-7.  6 

- 

cable  in  5-liter 

flask 

Woof) 

Heated  in  silica 

6.6-14.2 

4.  6-9.2 

0. 5-5.0 

- 

tube  with  a  cur¬ 

Silk  J 

rent  of  air 

4.0-8. 0 

8.0-12.6 

3. 0-4. 4 

- 

F.  E.  Ti  Kingman, 

Timber  and  fibre 

Burning  house 

19.9 

0.  7 

0.3 

- 

et  al. 

insulating 

board 

1.6 

17.  8 

19.8 

- 

0.3 

9.2 

16.7 

- 

E.  H.  Coleman 

Chlorinated 

0.5  g  at  550° C  in  n.-d. 

2.6 

2.2 

0.0 

and 

methacrylate 

5  liters  air 

C.  H.  Thomas 

resin  27% 

chlorine 

Polyvinyl 

0,25  g  at  550° C 

n.  d. 

2.  1 

1.  1 

0.0 

chloride  57% 

in  5  liters  air 

chlorine 

Polyvinyl 

0.  5  g  at  550°  C 

n.  d. 

2.0 

0.4 

n.d. 

chloride  fabric 

in  5  liters  air 

A.  Schriesheim 

Plywood 

Heated  at  550°  C 

2.8 

17..  1 

3.6 

- 

in  5  liters  air 

Plywood  P.  V.C 

/  . 

Heated  at  550°  C 

2.  1 

17.  1 

5.  1 

- 

and  flame- 

in  5  liters  air 

retardant  paint 

Plywood  with 

Heated  at  550c  C 

2.6 

14.7 

13.2 

- 

polyester  resin 

in  5  liters  air 

and  flame- 

retardant  paint 

P.V.C.  coating 

Heated  at  550°  C 

0.3 

10.  1 

5.8 

- 

only 

in  5  liters  air 

Vinylidene 

Heated  at  550°  C 

17.0 

0.4 

- 

- 

coating  only 

in  5  liters  air 

H.  A.  Watson 

Foamed 

2-3  g  heated 

20.7 

0,  16-0.35 

0.023-0.040 

0.0 

polyvinyl  j 

electrically, 

chloride 

► 

in  270  liters  air 

Foamed 

19.3 

1.26-1.31 

0.041 

0.0 

acrylonitrile. 

L.  B.  Berger 

Phenolic  resin 

1 

As  above 

n.  d. 

n.d. 

0.017-0.046 

- 

with  fillers 

1 

Melamine  resin  1 

n.  d 

n.  d. 

0.012-0.075 

- 

with  fillers 

J 

Source:  See  Ref.  (76) 


Analyses 

— . — . — * - T  - - *— 

Hydrogen 

Chloride 

(HC1) 


0/6 

1.8' 

2.9 

3.  1 

3.8 

4.7 

l.  1 

0.005-0.023 

0.002 


(%  volume)  _ _ 

Carbonyl  Hydrogen  Hydrogen  Nitrous 
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TABLE  8.  LOW -RATE  PYROLYSIS  OF  CELLULOSIC  MATERIALS 


Temperature,  °C  _ Process _  Main  Volatile  Products _ 

<200  (<392°  F)  Dehydration  Water  vapor 

200  to  280  Endothermic  "dry"  Carbon  dioxide,  water  vapor  and 

(392°  to  536°  F)  pyrolysis  acetic  acid 

280  to  500  Endothermic  Carbon  monoxide,  hydrogen, 

(536^  to  932°  F)  pyrolysis  to  char  methane,  carbon  dioxide,  acetic 

acid,  formic  acid,  ethanol,  acet¬ 
aldehyde,  acetone,  diacetyl, 
methylethyl  ketone,  ethylacetate 
and  tars 

>500  (>932°  F)  Gasification  and  Hydrogen  and  carbon  monoxide 

char 

Source:  See  Reference  200 

long  been  recognized;  however,  the  work  to  date  has  been  very  limited  and 
narrow  in  scope. 

The  only  general  conclusion  that  may  be  drawn  is  the  possibility 
of  significant  quantities  of  particular  gases  in  those  areas  where  large 
amounts  of  a  particular  combustible  may  be  burning.  For  example,  the 
burning  of  a  large  rubber  warehouse  might  produce  large  quantities  of  hydro¬ 
gen  sulfide  and  sulfur  dioxide;  a  burning  wool  mill  might  produce  hydrogen 
cyanide;  and  a  plant  producing  chlorinated  products  might  produce  chlorine 
gases  while  burning.  But  here  again,  there  is  no  evidence  to  indicate  that 
these  gases  would  be  sufficiently  concentrated  over  an  area  in  the  open  to 
constitute  a  life  hazard. 

7 .  Smoke  Production 

In  addition  to  the  presence  of  carbon  monoxide,  carbon  dioxide, 
heat,  high  winds  and  an  endless  variety  of  toxic  gases,  there  will  be  smoke 
which  is  a  factor  that  must  be  considered.  Smoke  is  here  defined  as  any 
solid  particulate  matter  in  the  air  as  opposed  to  gases  or  vapors  that  may 
also  be  present.  Review  of  the  work  accomplished  to  date  on  smoke  indicates 
that  the  effort  has  been  extended  primarily  in  defining  the  density  of  smoke 
as  it  applies  to  visual  obscuration  within  buildings.  This  has  been  accom¬ 
plished  to  date  by  two  methods.  The  first  method  measures  the  degree  of 
light  absorbed,  between,  a  light  source,  and  receiver  (photocell)  and  reports 
the  results  as  percentage  of  light  reduction  or  absorption. 


Sx=  100(1  -  Ix/I0) 


(2) 


where 

Sx  =  light  obscuration  expressed  as  a  percentage 
ID  -  incident  light  intensity 

Ix  =  transmitted  light  after  passing  through  a  path  length  x 

The  quantities  IQ  and  Ix  are  measured  directly  by  the  smoke 
meter, and,  hence,  the  percentage  obscuration  for  a  given  thickness  of  smoke 
may  be  measured.  This  method  is  not  directly  proportional  to  the  thickness 
of  the  smoke  zone. 

The  second  method  which  measures  optical  density  and  is  directly 
proportional  to  the  thickness  of  the  smoke  zone  is  expressed  as 

Dx  =  log  10  Iq/Ix  <3> 

where 

Dx  =  optical  density  of  the  smoke 

thus 


From  this  definition  of  optical  density,  it  may  be  deduced  that  for  a  uniform 
medium  of  path  length,  nx, 

^nx  =  n  ^°§10  ^o^x  "  n^x  (5) 

the  optical  density  is  directly  proportional  to  the  path  traversed  by  the  light, 
and  the  value  for  any  path  length  can  readily  be  obtained  from  the  optical 
density  per  unit  pa.th.*^^ 

Tests  conducted  by  the  Division  of  Building  Research,  National 
Research  Council  of  Canada^ showed  that  visibility  on  the  second  floor  of 
a  building  which  was  ignited  on  the  first  floor  was  reduced  to  4  ft  within  1. 5 
to  2.  4  min  in  an  open  room  and  within  3.4  to  5.  7  min  in  a  closed  room. 
Visibility  in  the  basement  was  not  reduced  to  the  4-ft  criteria  until  10.  7  to  , 
17.6  minutes.  The  4-ft  visibility  here  means  the  distance  at  which  the  holder 
of  a  fireman's  hand  lamp  can  perceive  objects  by  the  light  they  reflect. 

In  tests  conducted  by  Kingman,  et  al.^^^^,  the  smoke  concentra¬ 
tions  measured  reduced  light  transmission  95  percent  within  6  to  8  min  in 


one  test  and  10  to  24  min  in  another.  In  tests  reported  by  Schaffer  and 
Eickner(307)t  transmission  was  reduced  95  percent  within  4  to  6  minutes. 


A  survey  by  Yuill  and  BieberdoriK333)  revealed  the  different 
methods  used  by  the  Fire  Research  Organization  in  England,  the  Los  Angeles 
Fire  Department,  and  Underwriters'  Laboratories.  In  addition,  the  National 
Bureau  of  Standards  is  presently  working  on  development  of  a  method.'  ' 

The  one  single  method  which  has  seen  the  most  use  is  that 
used  in  conjunction  with  the  ASTM  E-84  tunnel  test.  Results  from  this  test 
are  related  to  the  smoke  output  from  red  oak  flooring  and  asbestos -cement 
board  as  100  and  zero,  respectively.  Results  indicate  the  ability  of  many 
materials  to  produce  copious  quantities  of  dense  smoke  within  seconds  and 
yet  others  show  up  quite  smoke  free. 

In  summary,  smoke  is  perhaps  the  least  defined  aspect  of  mass 
fires.  This  is  not  to  say  that  there  has  been  a  lack  of  interest  in  smoke;  on 
the  contrary,  there  has  been  considerable  interest.  However,  most  of  it  has 
been  directed  toward  measurement  of  the  light  obscuration.  A  recent  report 
by  Underwriters'  Laboratories^^)  and  development  of  still  another  method  of 
smoke  measurement  (light  obscuration)  by  the  National  Bureau  of  Standards^ •*!) 
is  evidence  of  this  continuing  interest.  Papers  on  these  arid  other  aspects  of 
the  smoke  problem  were  presented  at  a  symposium  on  smoke  held  during  the 
ASTM  Annual  Meeting  in  June  1966. 

Other  factors  such  as  the  psychological  fear,  the  panic  and  the 
health  hazard  created  by  smoke  have  been  well  recognized.  However,  review 
of  the  literature  indicates  that  little  if  any  definitive  work  has  been  done 
regarding  the  hazards  of  smoke  as  an  asphyxiant,  irritant,  l&chrymator,  or 
possible  cause  of  chemical  tracheitis. 

8.  Winds  and  Firewhirls 


Wind  has  undoubtedly  been  recognized  as  a  strong  factor  in  the 
initial  buildup,  rate  of  burning,  and  spread  of  fires. (375)  it  plays  a  major 
role  iri  the  spread  of  wildland  fires  and  influences  the  spread  of  urban  fires 
as  well.  It  has  the  ability  to  supply  fresh  air  and  quantities  of  oxygen  to  a 
fire  and  can  drive  the  fire  toward  fresh  fuel.  Wind  also  aids  in  the  spreading 
of  fire  by  carrying  firebrands  far  ahead  of  the  main  burning  area.  One 
investigator  has  associated  wind  speed  profiles  with  fire  behavior  and  devel¬ 
oped  an  equation  rating  strength  of  the  wind  field  and  energy  release  of  a  fire 
to  the  development  of  convection  columns. 

Review  of  the  literature  on  past  fires  relates  many  subjective 
accounts  of  high  winds  encountered  within  and  immediately  around  large  fires. 
Winds  of  70  mph  were  reported  in  Darmstadt(354)  during  a  mass  fire.  In 
Tokyo  during  the  10  March  1945  firestorm,  winds  are  reported  to  have  risen 
from  25  mph  to  70  mphJ355)  At  a  distance  of  1. 5  miles  from  Hamburg  and 
4  miles  from  the  core  area  of  the  firestorm,  winds  increased  from  11.2  to 
33.  6  mph. ( 101) 
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i  At  the  main  fire  statioii  in  Hamburg,  which  was  located  0.  3  miles 

from  the  edge  of  the  firestorm,  it  was  reported  to  have  taken  ten  men  to  force 
'<  open  a  garage  gate  against  the  violent  windstorm.  ( 1) 

Wind  speeds  within  the  Tokyo  fire  of  1923  were  estimated  in 
excess  of  150  mph.(*9)  During  the  forest  fire  in  1910  which  burned  over 
3,  000,  000  acres  in  northeastern  Washington,  northern  Idaho  and  western 
Montana,  the  speed  of  the  wind  and  fire  are  noted  as  having  reached  70mph.(®20) 

In  any  discussion  of  winds  within  a  mass  fire  area,  firewhirls 
must  be  considered.  It  is  possible  that  many  of  the  Subjective  accounts  given 
may  be  a  result  of  local  whirlwind  conditions.  The  report  of  150 -mph  winds 
in  the  Tokyo  fire  of  1923  certainly  appears  to  be  such  a  report.  There  is 
frequent  reference  in  Busch's  account  of  a  tornado  like  wind  which  speaks 
strongly  of  a  firewhirl. ( 59)  Hans  Brunswig  of  the  Hamburg  Fire  Department 
reported  that  winds  of  112  raph  occurred  in, the  narrow  canyons  of  the  streets 
and  that  wind  velocities  resembled  those  found  ;in  a  hurricane  without  showing 
the  typical  cyclonic  behavior .( ^  1)  The  U.  S.  Strategic  Bombing  Survey 
reports  that  for  an  unspecified  time  winds  in  Hamburg  ".  .  .  .prior  to  attacks 
were  never  over  2  or  3  mph,  which  is-, practically  still  air.  "( 351}  However,  during 
the  fire,  the  inrushing  air  was  reported  to  have  reached  gale  proportions.  ( 352) 

Simulated  mass  fires  conducted  by  the  U.  S,  Forest  Service 
have  been  instrumented  to  indicate  the  internal  wind  velocities.  The  highest 
recorded  to  date  was  52  mph  in  test  fire  760-2  (a  5racre  burn),  and  this  wind 
speed  was  recorded  until  the  sensor  failed.  (>274)  During  this  same  fire,  wind 
speed,  measured  at  a  distance  of  100  ft  from,  the  edge  increased  from  2  mph 
to  8  mph  (at  the  20 -ft  elevation)  at  12  min  and.  then  settled  to  approximately 
6  mph  for  the  next.  48  minutes.  In  test  fife  460-14  (a  40 -acre  burn),  the  wind 
speed  measured  100  ft  from  the  edge  increased  from  3  mph  to  12  mph  (at  the 
20 -ft  elevation)  at  12  min  and  then  settled  to  9  to  10  mph  for  the  next  48  min¬ 
utes.  (274)  Several  firewhirls  occurred  during  and  immediately  following  this 
fire  and  are  described  by  Evans  and  Tracy.  0^°)  These' firewhirls  were  seen 
for  several  hours  following  the  fire.  Photos  of  two  firewhirls  were  taken  and 
are  shown  in  Figure  5. 

In  a  study  of  large  urban  conflagrations  by  Chandler,  et  al.(®®), 
wind  speeds  at  various  times  during  the  mass  fires  are  reported.  The  highest 
wind  speed  of  38  mph  is  reported  in  Bandon,  Oregon,  and  this  is  clearly  due 
to  the  natural  wind  speed  and  not  the  fire.  Wind  speeds  during  the  San  Fran¬ 
cisco  fire  of  1906  are  reported  as  varying  from  20  mph  to  a  low  of  5  mph  and 
then  back  up  to  26  mph.  Wind  speeds  during  the  Great  Chicago  Fire  are 
reported  as  varying  from  4  to  7  mph;  however,  other  accounts  describe  the 
wind  speeds  as  a  "gale"  and  offer  descriptions  obits  violence  and  the  diffi¬ 
culty  in  walking. (2 14) 

In  addition  .-to  these  accounts- which  may  be  difficult  to:  ascribe  to 
[  v  a  particular  phenomenon  surrounding  s,  large  fire,  there  ar-e  many  accounts 
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Source:  SwRI 

FIGURE  5.  FIRE  WHIRLS  DURING  U.  S.  FOREST  SERVICE 
EXPERIMENTAL  BURN  460-14 

which  are  clearly  labeled  as  firewhirls.  Hissong  reports  that  hundreds  of 
firewhirls  occurred  during  an  oil  fire  in  California  in  1926(^3)  which  covered 
900  acres.  One  firewhirl  picked  up  a  cottage  and  carried  it  150  ft  before 
dropping  it  in  a  field.  Byram(6l-64)  concluded  that  some  firewhirls  appeared 
to  cover  an  area  of  about  10  acres.  Graham  reports  oh  witnessing  a  firewhirl 
that  twisted  and  broke  off  a  Douglas  fir  tree  (40  in.  in  diameter  at  breast 
height)  at  a  point  20  ft  above  the  ground.  0^7)  jn  another  report(^8)f  he 
describes  twenty-eight  whirlwinds  that  occurred  in  the  Pacific  Northwest. 
Some  of  these  whirls  are  cited  as  having  a  diameter  of  1200  -ft  and  a  height  of 
4000  feet.  The  intensity  of  firewhirls  is  stated  as  varying  "from  that  of  a  dust 
devil  to  a  whirlwind  that  pitches  logs  about  and  snaps  off  large  trees.  Veloci¬ 
ties  in  the  vortex  are  extremely  high,  and,  as  in  other  forms  of  whirlwinds, 
the  greatest  speed  occurs  near  the  center."  Byram  and  Martin  report  that, 
"These  whirls,  or  'fire  devils'  as  they  are  sometimes  called,  range  in  size 
from  small  twisters  a  foot  or  two  in  diameter  up  to  violent  whirls  equal  to 
small  tornadoes  in  size  and  intensity.  "^4)  Laboratory  studies  on  firewhirls 
at  the  Southern  Forest  Fire  Laboratory  in  Macon,  Georgia,  indicate  that  there 
". .  .  is  a  sudden  threefold  increase"  in  the  burning  rate  of  the  fuel  used  in  the 
firewhirl  experiment  as  the  firewhirl  occurs. 
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Countryman^®?)  reports  that  firewhirls  up  to  a  quarter  of  a  mile 
in  diameter  have  been  observed  and  that  a  large  firewhirl  that  developed  in  a 
fire  near  Santa  Barbara,  California,  in  1964  moved  out  of  the  fire  area, 
demolished  a  house,  severely  damaged  several  others,  stripped  limbs  from 
and  uprooted  several  large  trees. 

In  summary,  winds  encountered  within  and  immediately  around 
a  mass  fire  vary  considerably;  however,  it  has  been  demonstrated  that  high 
winds,  52  mph  or  greater,  do  occur  within  fire  areas  and  that  the  velocities 
encountered  are  related  to  the  intensity  and  area  of  the  fire.  The  52-mph  or 
greater  wind  was  recorded  in  an  experimental  burn  5  acres  in  size.  This 
indicates  the  potential  that  larger  more  intense  fires  may  have  for  the  devel¬ 
opment  of  winds  (including  firewhirls). 

Theoretical  investigations  of  winds  in  a  firestorm  by  Nielsen 
have  estimated  winds  of  approximately  35  mph  assuming  .the  average  ground 
temperature  to  be  425°  C  (800°  F).  (251; 

Winds  during  the  large  fire.stor.ms  in  Germany  during  World 
War  II  are  reported  as  high  as  70  and  1 112.  mph;.  however,  it  is  not  clear  as,  to 
whether  these  velocities  occurred  locality  as  fiirewhirls  or  whether  they  were 
present  over  the  entire  fire  area-,  fully  around!  360  degrees  of  the  perimeter  . 


IV.  SURVIVAL  CRITERIA 


A.  General 


The  environment  within  a  mass  fire  poses  a  threat  to  life  safety  since 
conditions  may  occur  which  are  beyond  the  limits  of  man's  physiological 
endurance.  Man  is  sensitive  to  heat  both  internally  and  externally;  he  is  also 
sensitive  to  the  makeup  of  the  air  or  gases  that  he  breathes*  Thus,  evaluation 
of  the  hazard  of  the  mass  fire  environment  must  be  in  terms  of  man's  ability 
to  survive  in  that  environment.  The  previous  chapter  provides,  a  description 
of  the  environment  within  a  mass  fire.  This  chapter  outlines  man's  physiologi¬ 
cal  limits  in  terms  of  the  specific  variables  found  within  a  mass  fire. 

These  variables  are  discussed  in  terms  of  survival  criteria  and  include 
heat,  anoxia,  carbon  monoxide,  carbon  dioxide,  and  other  gases.  These  vari¬ 
ables  may  be  directly  contributed  by  the  fire  or  they  may  be  only  remotely 
associated  with  it.  For  instance,  people  in  an  underground  shelter  protected 
from  the  direct  results  of  an  overhead  fire  may  produce  a  hazardous  environ¬ 
ment  within  the  shelter  by  means  of  their  own  body  heat,,  the  carbon  dioxide  they 
produce,  and  their  consumption  of  oxygen. 

3.  Heat 


Man's  reaction  under  elevated  temperatures:  has  perhaps  been  studied 
.more-  than  any  other  variable  that  may  constitute  a,  life- safety  hazard  in  the 
mass;  fire.  Heat  may  present  itself  in  a  number  of  ways,  and  at  different  rates. 
Experimenters  over  the  years  have  studied;  heat  in  its  many  forms  and  at 
different  rates.  There  is,  generally  speakings  surprisingly  close  agreement 
•on 'the  tolerance  limits;  of  man. 

One  of  the  earliest  experimental  efforts  in  an  attempt  to  identify  man's 
tolerance  to  high  levels  of  heat  is  reported  by  Tillet^^^^  who  in  1764  observed 
people  entering,  large  baking  ovens  in  which  the  temperature  exceeded  100°C 
(2i2"°F).  Later  investigations  indicated  their  voluntary  exposure  to  tempera¬ 
tures  of.  11 2'°' >to  120°C  (2.30°  to  248 °F)  for  periods  of  15  to  20  min  and  to  tem¬ 
peratures  of  140°  C  (2.84°F?))  for  5  minutes. 

Buettner^^"~^,  Webb^^^,  and  Hardy^^^  have  studied  man's  toler¬ 
ance  to  extreme  heat  and  defined  the  three  principal  modes  of  heat  transfer  to 
man  as: 

(1.)  heat  transfer  by  means  of  hot  air  -  convection; 

(2)  contact  with  hot  Objects  -  conduction;  and 

(3)  radiation  from  hot  surfaces  and  gases. 


Hardy  presents  the  general  equation  of  heat  transfer  as  the  algebraic 
sum  of  the  factors  involved^  ^1 ) 

H  l  =  Hr  +  H  q  +  Hq  +  Hy  ( 6 ) 

in  which 

H^is  heat  loss  or  gain 

Hr  is  radiant  heat  loss 

Hq  is  convective  heat  loss 

Hjp  is  conductive  heat  loss 

Hyis  evaporative  heat  loss 

and  states  that  the  quantities  may  be  positive  or  negative  depending  upon  the 
direction  of  heat  flow.  Generally,  they  are  considered  to  be  positive  when  the 
transfer  of  heat  is  from  the  body  surface  into  the  environment.  Man  must 
live  in  thermal  equilibrium  with  his  environment  except  for  short-term  tran¬ 
sient  adjustments  which  must  be  made. 

The  heat  balance  equation  can  be  stated  as: 

Hp  -  HL  =  S  (7) 

in  which 

Hp  is  heat  production  within  the  body 

S  is  body  heat  storage  (positive  when  body  is  gaining  heat) 

Within  certain  limits,  the  human  body  can  compensate  for  heat  received 
in  any  of  the  three  ways.  Blood  circulation  and  sweat  loss  are  important 
factors  in  preventing  physiologic  damage.  Buettner  cites  radiation  of  more 
than  0.06  cal/cm^-sec;  hot,  calm  air  of  300°C  (572°F);  and  air  in  motion  at 
more  than  100°C  (21 2°  F)  as  producing  skin  burns  so  rapidly  that  the  body  is 
unable  to  protect  itself(52-56)^  Below  these  limits,  the  body's  ability  to  com¬ 
pensate  and  protect  itself  :.*>v^.»usly  related  to  the  duration  of  exposure  and 
the  rate  at  which  the  inter'  '^v  ffke at  increases. 

1 .  Convective  Heat 

Buettner  estimated  that, in  calm  air  at  a  temperature  of  50° C 
(122° F),  the  escape  time  from  a  heated,  enclosed  space  is  several  hours; 
at  70°C  (158°F),  itis  1  hour;  at  1.30°G  (2659F),  it  is  15  min;,  and  at  200°C  to 
250°  C  (400°  to  500°F),  it  is  less  than.  5  minutes.  Escape  time  here  is  defined 


as  the  minimum  time  required  for  collapse  to  occur.  He  presents  an  interesting 
chart  showing  safe  exposure  times  at  various  temperatures  (see  Fig.  6). 


Source:  See  Ref.  (57.) 

FIGURE  6.  SAFE  EXPOSURE  TIME  FOR  MAN  -IN 
EXTREME  THERMAL  ENVIRONMENT 


Heat  may  be  encountered  both  inside  and  outside  of  shelters.  The 
external  heat  which  results  from  the  fire  generally  will  be  a  dry  heat,  relatively 
low  in  humidity(®^).  The  heat  generated-within  shelters  by  the  occupants  will 
raise  the  humidity  of  the  interior.  From  experimental  evidence,  no  specific 
effect  of  humidity  has  been  determined.  In  its  influence  on  the  observed  phys¬ 
iology  of  the  body  and  on  body  tolerance,  an  increase  in  humidity  is  equivalent 
to  a  definite  increase  in  temperature^^). 

Experimental  work  by  Blockley  and  Taylor^5)  show  the  mean 
value  of  tolerance  times  (see  Table  9)  for  two  subjects  in  exposures  of  8E°C 
(180°F)  and  above  at  low  humidity. 
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TABLE  9.  TOLERANCE.  TIMES  FOR 
TEMPERATURES 

Mean  Tolerance  Time  for 

Ambient  Temperature  L  ■  «.i  Four  Exposures,  min 


82° C  (180° F) 

49 

93 °C  (200°F) 

33 

1 05 ° C  (220° F) 

26 

115°C  (24(TF) 

23.  5 

These  temperature-tolerance  times  are  in  agreement  with  Figure  6.  Initial 
distress,  as  noted  by  the  subjects  in  the  experiments,  was  observed  at  shorter 
times.  At  82°C  (180°F),  initial  distress  first  occurred  in  the  most  sensitive 
subject  approximately  7  min  prior  to  the  mean  tolerance  time.  At  115°C  (240° F), 
this  initial,  distress  occurred  approximately  25  min  prior  to  the  mean  tolerance 
time.  For  the  average  shelter  population  in  a  mass  fire  environment,  the  line 
of  initial  distress  may  be  of  more  interest  than  the  mean  tolerance  time.  The 
mean  tolerance  time  is  much  closer  to  the  collapse  and  incapacitating  state  for 
the  average  individual  and  may  even  be  beyond  that  state  for  some,  i.e.  ,  the 
aged  and  sick. 

Experimental  work  conducted  by  Moritz,  Henriques, 
et  3,1.(229,230,232)^  confirmed  the  work  of  previous  investigators  in  regards 
to  the  direct  skin  temperature  and  cutaneous  burning.  Buettner  cited  the  skin 
temperature  at  the  "pain  threshold"  to  be  between  42°  and  46°C  (108°  and 
115°F),  and  the  pain  temperature  to  be  51  °C  (124°F).  He  stated  that  burns 
will  occur  whenever  the  skin  of  the  epidermis  exceeds  54°C  ( 129°F)(^2-56). 

The  average  skin  temperature  is  33 °C  (91°F).  Moritz  and  coworkers  found 
that,  when  the  temperature  of  the  skin  is  maintained  at  44°C  (111°F),  the  rate 
of  injurious  change  exceeds  that  of  recovery  by  so  narrow  a  margin  that  an 
exposure  of  approximately  6  hr  is  required  before  irreversible  damage  is 
sustained.  At  surface  temperatures  of  70°C  (158°F)  and  higher,  the  rate  of 
injury  so  far  exceeds  that  of  recovery  that  less  than  1  sec  is  required  to 
cause  irreversible  injury(^30):.  These  conclusions;  were  drawn  as  a  result  of 
experimental  work  with  both  porcine  (pig)  and  human  skin.  The  results  of 
this  work  indicated  that  at  similar  skin  surface  temperatures  there  is  little 
of  no  quantitative  difference  in  the  susceptibility  of  human  and  porcine 
epidermis  to  thermal  injury.  The  relative  vulnerability  is  shown  in  Figure  7. 

As  a  result  of  the  work  at  these  temperatures,  the  authors  concluded 
that  conduction  of  the  heat  energy  away  from  the  skin  surface  by  way  of  the  blood 
stream  does  not  afford  a  significant  degree  of  protection  against  epidermal 
injury. 


Source:  See  Ref.  (230) 


FIGURE  7.  RELATIVE  VULNERABILITY  OF  PORCINE  AND 
HUMAN  SKIN  TO  THERMAL  INJURY 


Moritz,  et  al.  (232)^  conducted  an  experimental  study  of  the 
casualty  producing  attributes  of  conflagrations.  Goats  and  dogs  were  exposed 
to  excessive  convective  and  radiant  heat  of  varying  duration  and  intensity. 

The  results  of  these  experiments  indicated  that  there  are  two  types  of  hyper¬ 
thermic  circulatory  failure,  one  central  and  the  other  peripheral.  The  former 
occurred  in  some  animals  as  the  result  of  brief  exposures  at  high  [>200°C 
(>  392°F)  ]  circumambient  temperatures ,  whereas  the  latter  occurred  after 
long  exposures  at  lower  temperatures.  It  was  evident  that  large  animals 
exposed  to  conflagration  heat  may  receive  injuries  that  are  almost  immediately 
fatal  and  that  are  not  necessarily  contributed  to  by  asphyxia,  carbon  monoxide 
poisoning,  or  the  inhalation  of  flame  or  fumes.  It  was  apparent  that  almost 
immediate  death  may  result  from  systemic  disturbances  caused. by  the  heat 
flowing  through  the  surface  of  the  body.  The  moderate  to  severe  pulmonary 
edema  that  was  observed  in  dogs  and  goats  bore  no  relation  to  the  inhalation 
of  heat  but  was  a  result  of  circulatory  failure  incident  to  systemic  hyper- 

thermia^32). 


Some  temperatures  of  approximately  90° C  (196?F)  could  be 
tolerated  for  45  min  without  burning,  whereas, at  100°C  (212°F),  burning 
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occurred  in  12  min,  and,  atl80°C  (357“F),  the  longest  exposure  that  could  be 
tolerated  without  irreversible  cutaneous  injury  was  30  seconds.  At  relatively 
low  temperatures  of  heated  air  [under  120* G  (248“F)] ,  man,  because  of  his 
ability  to  sweat,  is  undoubtedly  less  susceptible  to  injury  than  the  pig.  It  is 
doubtful,  however,  that  sweating  provides  a  significant  degree  of  protection 
at  temperatures  over  120®C  (248*  F),  because,  at  such  levels,  the  rate  at  which 
heat  is  transferred  to  the  skin  is  considerably  more  rapid  than  the  rate  at 
which  it  can  be  dissipated  by  vaporization  of  sweat(232)# 

The  severity  of  the  physiologic  disturbances  that  result  whenani- 
mals  are  exposed  to  excessive  heat  are  frequently  disproportionate  to  that  of  the 
cutaneous  burning.  Rapidly  fatal  systematic  hyperthermia  may  result  from 
long  duration  exposures  at  temperatures  insufficient  to  cause  cutaneous  burning. 
Higher  intensity  exposures  may  cause  extensive  and  severe  cutaneous  burning 
and  yetbe  of  too  short  duration  to  cause  a  significant  rise  in  body  temperature. 

The  severity  of  the  immediate  physiologic  disturbances  resulting 
from  exposure  to  excessive  heat  appears  to  bear  a  direct  relationship  to  the 
extent  to  which  the  body  temperature  is  increased.  Exposures  that  gener¬ 
ally  cause  the  rectal  temperature  to  rise  above  42“  C  (108°  F)  and  those 
that  invariably  caused  it  to  rise  as  high  as  44°C  (111°F)  resulted  in  rapidly 
fatal  circulatory  failure,  f  ^32) 

As  a  result  of  this  work,  Moritz,  et  al.  ,  concluded  that  there 
is  no  reason  to  believe  that  man  and  pig  differ  greatly  in  respect  to  the  rate 
at  which  heat  is  transferred  from  the  skin  to  the  interior  of  the  body.  Thus, 
man's  susceptibility  to  development  of  rapidly  fatal  hyperthermia  when 
exposed  to  environmental  temperatures  in  excess  of  120°C  (248®F)  is  probably 
similar  to  that  of  the  pig. 

Moritz,  et  al. ,  observed  that  cutaneous  hyperthermia  was 
capable  of  causing  the  plasma  potassium  to  rise  as  much  as  17  milliequivalents 
per  liter  and  suggested  acute  potassium  poisoning  as  a  potential  cause  of 
death.  There  appeared  to  be  a  definite  correlation  between  survival  and  the 
height  to  which  the  internal  body  temperature  was  raised. 

Other  experiments  performed  by  McLean,  Moritz  and  Roos^^^ 
established  that  severe  and  extensive  cutaneous  burning  may  result  in  a  rapid 
rise  in  plasma  potassium  to  levels  ordinarily  considered  incompatible  with 
life.  Such  levels  are  attained  when  a  large  proportion  of  the  body  surface  of 
an  animal  whose  red  blood  cells  normally  have  a  high  potassium,  content  is 
maintained  at  95°C  (167°F)  for  more  than  a  few  minutes.  That  lower  surface 
temperatures  may  also  be  responsible  for  fatal  hyperpotassemia  is  suggested 
by  the  fact  that  potassium  may  be  released  rapidly  from  blood  cells  in  vitro 
at  temperatures  of  60®C  (140°F).  Because  of  the  slowness  with  which 
potassium  is  released  at  lower  temperatures  and  the  rapidity  with  which 
excess  potassium  leaves  the  blood  stream,  it  is  not  likely  that  thermal 
exposures  of  insufficient  intensity  to  cause  severe  cutaneous  burning  could 
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cause  sufficient  damage  to  the  erythrocytes  to  produce  dangerously  high 
plasma  levels. 

The  cause  of  death  from  heat  in  those  cases  where  the  flow  of 
potassium  is  low  enough  to  allow  the  blood  stream  to  release  the  potassium 
was  determined  by  Moritz,  et  al.  ,  to  be  systemic  hyperthermia.  This 
systemic  hyperthermia,  which  is  caused  by  conduction  of  heat  to  the.  interior 
of  the  body  by  way  of  the  blood  stream,  leads  to  a  rapid  and  progressive 
decline  in  blood  pressure  and  failure  of  circulation  due  principally  to  periph¬ 
eral  vascular  collapse.  Temperatures  of  46°  to  50 °C  ( 1 15°  to  122 °F)  were  identi¬ 
fied  as  causing  systemic  hyperthermia  while  temperatures  of  60°  to  75°C  (140°  to 
167°F)  caused  central  circulatory  failure  (high  potassium).  The  peripheral 
and  central  factors  that  were  the  cause  of  death  at  lower  temperatures  also 
come  into  play  at  the  higher  temperatures  but  are  evidently  secondary  to  the 
hyperpotassemia. 

It  has  been  alleged  that  victims  of  conflagrations  sustain 
pulmonary  injuries  of  equal  or  greater  significance  as  far  as  survival  is 
concerned  than  burns  received  on  the  surface  of  the  body.  To  investigate  this 
aspect  of  the  problem,  Moritz,  Henriques  and  McLean'^^)  conducted  experi¬ 
ments  on  the  effects  of  inhaled  heat  on  the  air  passages  and  lungs,  utilizing 
dogs.  In  some  conflagrations,  death  has  been  attributed  to  the  inhalation  of 
chemical  irritants  contained  in  smoke  without  the  presence  of  excessive  heat. 

In  others,  however,  victims  have  been  exposed  to  heat,  various  combustion 
products,  and  smoke  all  at  the  same  time.  The  experimental  work  with  dogs 
was  designed  to  delineate  the  effects  of  the  inhaled  heat.  Inhalation  of  heated 
air,  steam,  and  flame  indicated  that  the  quantity  of  heat  that  can  be  stored  in 
the  volume  of  gas  that  constitutes  a  breath  is  remarkably  small. 

In  these  experiments,  neither  the  skin  nor  the  mucous  membranes 
of  the  mouth  or  throat  were  exposed  to  heat.  The  upper  respiratory  tract  was 
protected  by  a  trans-oral  cannula  in  such  a  manner  that  the  first  impact  of  the 
hot  atmosphere  during  inspiration  occurred  below  the  vocal  folds  of  the  larynx 
(see  Fig.  8,  a  diagram  of  the  respiratory  tract).  Pulmonary  injury  occurred 
in  the  lungs  of  two  of  the  five  animals  inhaling  flame  from  a  blast  burner.  Four 
out  of  six  suffered  lung  injuries  when  steam  was  inhaled.  In  all  other  animals, 
injury  was  confined  to  the  upper  air  passages.  When  such  recognizable  thermal 
injury  was  confined  to  the  upper  air  passages,  it  was  inferred  that  pulmonary 
infection  was  secondary  to  the  aspiration  of  mucosal  debris. 

These  experiments  by  Moritz,  et  al. ,  demonstrated  that  on  dogs, 
only  when  the  original  temperature  of  the  air  was  high  enough  to  produce 
almost  instantaneous  burning  of  the  skin  and  upper  respiratory  mucosa  was 
there  sufficient  residual  heat  in  the  air  reaching  the  lungs  to  cause  pulmonary 
injury.  The  experiments  also  demonstrated  the  importance  of  humidity  in 
increasing  the  heat  content  of  inhaled  air.  Dry  air  at  500* C  did  not  injure  the 
lungs  or  the  lower  trachea  in  three  separate  exposures.  The  maximum 
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The  mouth  and  nose  lead  to  a  hollow  structure  behind  the  soft  palate  which  is  called  the 
pharynx,  and  Here  the  respiratory  and  digestive  tracts  divide  into  separate  tubes.  The  tube 
which  leads- to  the  lungs  is  called  the  trachea.  Below  the  pharynx  is  the  larynx,  and  in  this 
organ-are  found  the  vocal  cords,  important  to  speech.  The  opening  to  the  larynx  can  be  partially 
closed  by  a  lid  of  cartilage  called  the  epiglottis.  The  area  beneath  the  epiglottis  and  within  the 
larynx/is  known  as  the  glottis.  The  trachea  is  the  long;tube  running  down  from  the  larynx  in 
front  of  the  esophagus  (i.  e. ,  at  the  front  of  the  neck).  It  divides  at  its  lower  end  into  two  short 
tubes  called;the -bronchi,  which  enter  the  lungs  in  their  midportion  at  the  midline  of  the  chest. 
The  bronchi  divide  and  subdivide  into  shorter  tubes  called  bronchioles  which  are  within  the 
lungs.  The  bronchioles  ultimately  divide  into  alveolar  ducts  from  which  lead  air  sacs  or 
alveoli,  whickare  the  most  important  functional  structures  in  the  lungs.  It  is  here  that 
oxygen  and  carbon  dioxide-exchange  between  blood  and  air  takes  place.  All  the  structures 
of 'the.  respiratory  system-are  lined  by  a  structure  resembling  the  skin  in  many  respects 
(respiratory  epithelium),  which  secretes  mucus. 

Source:  See  Ref.  (243) 


FIGURE  8.  DIAGRAM  OF  THE  RESPIRATORY  TRACT 
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temperature  recorded  in  the  lower  trachea  was  50*C  during  one  exposure. 

When  steam  at  100°C  was  breathed,  the  lungs  were  injured  in  four  out  of  six 
exposures;  two  were  described  as  severe  and  the  lower  trachea  was  injured 
in  all  six  exposures.  Temperatures  in  the  lower  trachea  of  53®  to  94°C 
were  recorded. 

Air  at  100°C  will  transport  to  the  skin  about  0.  007  cal /cm^- sec, 
and  steam  at  100°C  will  transport  about  5  cal/cm^-sec.  This  700-fold  increase 
in  caloric  bombardment  is  due  to  the  latent  heat  of  condensation  of  steam.  This 
is  why  steam  is  an  enormously  greater  hazard  than  hot  air  in  the  production  of 
heat  injury(150).  Within  the  range  of  their  investigation,  Moritz,  et  al.  ,  found 
that  no  type  of  thermal  pulmonary  exposure  was  encountered  which  was  imme¬ 
diately  incompatible  with  life.  A  thermal  exposure  sufficient  to  injure  the 
lungs  was  more  than  enough  to  cause  a  rapidly  fatal  obstructive  edema  of  the 
glottis. 


The  extent  to  which  the  results  of  these  experiments  can  be 
applied  to  man  is  questionable.  Since  the  dog  has  a  relatively  longer  trachea 
than  man,  it  seems  that  this  would  make  him  less  vulnerable  to  thermal 
pulmonary  injury.  However,  in  pondering  this  question,  Moritz,  et  al.  ,  con¬ 
cluded  that  "the  elaborate  precautions  taken  in  the  animal  experiments  to 
prevent  loss  of  heat  from  inhaled  air  as  it  was  conducted  to  the  larynx  would 
more  than  compensate  for  the  shortness  of  the  human  trachea.  " 

Webb^^)  reports  that  test  subjects  voluntarily  switched  from 
nasal  breathing  to  mouth  breathing  at  125°C  (260°F)  and  that  at  150°C  (300°F) 
even  mouth  breathing  became  difficult.  Pesman  points  out  that  neither  experi¬ 
mental  work  nor  experience  data  indicate  a  sharply  defined  respiratory 
threshold  temperature^®®). 

Pesman  also  reports  that  the  highest  human  respiratory  system 
exposure  without  injury  was  200®C  (390?F).  This  temperature  was  chosen 
by  him  as  a  respiratory  threshold  temperature  value  to  permit  a  gross 
comparison  of  skin  injury  and  respiratory  damage.  Buettner(®2)  reports  that 
when  the  air  has  a  temperature  of  about  250"C  (482® F)  respiration  is  nof 
particularly  affected  for  several  minutes  except  for  the  first  breath  whi<!.h 
gives  a  sensation  of  heat  in  the  nasal  passages.  Collins  discusses  the 
hesitance  created  by  sudden  breathing  of  heated  air  which  could  easily  cause 
a  person  to  pause  long  enough  to  allow  the  systemic  effects  of  heat  and 
combustion  products  to  produce  collapse  and  unconsciousness(^). 

Webb^®^)  determined  human  tolerance  times  for  nude  r.ien 
exposed  to  various  heating  transients  ranging  from  8®C/min  (15®F/mir/)  to 
55®C/min  (100®F/min).  These  exposures  resulted  in  intolerable  pain  at 
temperatures  between  I60*and  200®C  (320®  and  390®F),  The  faster  the  rate 
of  temperature  rise,  the  higher  the  temperature  which  could  be  tolerated. 
Figure  9  shows  a  plot  of  Webb's  results. 
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Source:  See  Ref.  (367) 

FIGURE  9.  HUMAN  TOLERANCE  TO  VARIABLE 

HEAT  PULSES 


For  longer  exposures  to  lower  temperatures,  Miller  and 
Keer^^)  note  50°C  (122°F)as  the  critical  temperature  for  survival.  Strope 
notes  35®C  (95° F)  as  the  limit  of  heat  prostration  and  30°C  (86° F)  as  the 
temperature  above  which  the  heat  balance  of  the  body  cannot  be  maintained.  (328) 
The  temperature  limit  of  30°C  (85°F)  has  been  suggested  by  many  as  the 
maximum  that  can  be  endured  for  fourteen  days.  Johnson  and  Ramskill^  59) 
note  that  experimentation  has  shown  that  highly  motivated  healthy  young 
men  had  reached  their  limit  of  endurance  after  about  one  week  at  an  average 
effective  temperature  of  30°C  (85°  F).  Brand-Persson^S)  notes  that  a  temper¬ 
ature  of  28°C  (82°F)  is  bearable  for  dong  durations  only  if  vigorous  circulation 
is  maintained.  Strope  suggests  27®  C  (80°  F)  as  the  limit  for  a  two-week 
period.  (328-332 )  Under  ordinary  circumstances,  the  temperature  range  of 
10°  to  25°C  (50°  to  78° F)  is  acceptable  and  19°  to  22°C  (66°  to  71#F)  is 
optimum^®^  at  a  relative  humidity  of  less  than  50  percent. 

Balke^^)  provides  a  description  of  terminal  heat  stress  and 
notes  that:  "Heat  tolerance  tests  are  usually  terminated  when  the  experi¬ 
mental  subjects'  pulse  rate  has  risen  to  a  frequency  of  160  beats  per  minute, 
almost  to  three  times  the  resting  value.  Blood  pressure  at  that  point  is 
usually  increased  also.  Cardiac  output,  therefore,  must  have  been  increased 
close  to  three  times  the  resting  value  of  about  7  liters  (0.  25  cu  ft)  per  minute, 
i.  e. ,  to  21  liters  (0.74  cu  ft)  per  minute.  Most  'normal'  men  of  'average' 
physical  condition  have  only  a  potential  capacity  for  25  liters  per  minute  total 
blood  flow.  Therefore,  there  are  not  many  reserves  left  at  extremely  high 
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temperatures,  and  the  slightest  additional  stress,  requiring  further  circulatory 
adaptions,  might  complicate  the  situation  beyond  possible  physiological 
solutions.  " 

The  limits  of  tolerance  observed  by  Blockley  and  Taylor(^5-29) 
were  determined  by  rectal  temperatures  of  39°C  (102°F),  skin  temperature 
of  42 °C  (107*F),  and  a  pulse  rate  of  150  to  160  beats  per  minute. 

Based  on  this  review  of  the  literature,  Figures  10  and  11  are 
presented  as  composites  of  the  experimental  work  conducted  to  dats*.  From 
these  charts,  points  of  interest  can  be  easily  established. 

2.  Radiant  Heat 

The  previous  discussion  has  been  primarily  concerned  with  heat 
transfer  to  the  body  by  convection.  Another  important  mode  of  heat  transfer 
which  must  be  considered  is  radiation.  Buettner  has  stated  that  radiant  heat 
from  sources  cooler  than  about  1500°C  (2732°F)  is  nearly  completely,  in  fact 
to  97  percent,  absorbed  by  human  skin.  (57)  Buettner  states  that,  in  tests 
performed  with  open  gasoline  fires  (simulating  an  airplane  crash),  the  heat 
transfer  by  radiation  was  at  least  four  times  greater  than  that  by  convection 
for  a  black  cylinder  within  the  flame.  (54)  For  given  conditions,  such  as 
people  at  rest  in  a  normal  room,  radiated  on  the  forearm,  the  prepain  time 
depends  in  a  simple  way  on  the  heat  supply.  Figure  12  is  a  plot  of  the  radiant 
exposure  versus  prepain  time.  Buettner  defines  prepain  time  as,  "the  period 
extending  from  the  beginning  of  exposure  until  the  onset  of  unbearable  'stinging' 
pain.  "(52) 

Buettner  has  identified  the  minimum  radiation  intensity  required 
for  pain  at  0.033  cal/cm^-sec  and  the  maximum  intensity  above  which  evapora¬ 
tive  cooling  has  no  effect  at  0.083  cal/cm^-sec.  Exposure  to  less  than 
0.033  cal/cm^-sec  is  low  enough  to  allow  the  human  body  to  defend  itself  by 
peripheral  circulation  and  sweating,  thus  preventing  the  occurrence  of  pain. 
Exposure  to  radiation  level  of  0.032  cal/cm^-sec  on  a  sunny  day  may  not 
cause  pain  within  15  or  20  min  but  will  injure  the  skin  as  a  common  sunburn 
will,  i.  e. ,  it  cannot  be  endured  for  long.  (219) 

Below  levels  of  heat  which  cause  pain,  continued  application  of 
sufficient  heat  will  cause  collapse.  The  time  required  for  collapse  depends  on 
sweating,  precooling  and  peripheral  circulation. 

Buettner  cites  radiation  measurements  from  fires  which  indicate 
600°C  (1 1 00°F)  as  a  mean  value  for  wood  fires  and  700°C  (1300#F)  as  a  mean 
value  for  gasoline  fires.  In  addition,  he  cites  the  importance  of  radiation  at 
all  points  around  and  above  a  fire  while  convection  is  only  important  downwind 
and  above  the  fire. 
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EXTREMELY  RAPID  BURNS 
.  TOLERANCE  TIME  STRONGLY 
DEPENDENT  ON  PROTECTIVE 
CLOTHINC 


500*F 


f  250«CH 


2-3  MIN  TOLERANCE  TIME 
WITH  WET  CLOTHING 


200*CH 


b-400*  F 


TOLERANCE  TIME  LESS  THAN 
4  MIN  WITH  WET  SKIN 
RESPIRATORY  SYSTEM 
THRESHOLD  200*C  (390* F) 


IRREVERSIBLE  INJURY  TO  ORY 
SKIN  IN  30  SEC  180*  C  (360*  F) 


MOUTH  BREATHING  DIFFICULT 
TEMP.  LIMIT  FOR  ESCAPE 
I50*C(300*F) 


J-  RAPID  UNBEARABLE  PAIN  TO 
1  DRY  SKIN  I60*C  (320* F) 


I50*C-L3oo.F 


S  MIN  TOLERANCE  TIME 
140*  C  (284*  F) 


NASAL  BREATHING  DIFFICULT 
125*  C  (260*  F) 

20  MIN.  TOLERANCE  TIME 
II5*C(240*F) 

VERY  RAPID  SKIN  BURNS  IN 
HUMID  AIR  I00*C  (2I2*F) 


f  15  MIN  TOLERANCE  TIME 
120*  C  (248*  F) 


I00*C-| 


25  MIN  TOLERANCE  TIME  105* C  (220* F) 


I- 200*  F 


49  MIN  TOLERANCE  TIME 
82*  C  (;80*F) 


EXPOSURES  ABOVE  «5°C(I44°F)  RESULT 
IN  CENTRAL  CIRCULATORY  FAILURE  - 
HYPERPOTASSEMIA  _ 


EXPOSURES  BELOW  S8°C(I44®F)  RESULT 
IN  SYSTEMIC  HYPERTHERMIA, PERIPHERAL 
VASCULAR  COLLAPSE 


3-5  HR  TOLERANCE  TIME  50*C-' 

50*C  (122*  F) 


60  MIN  TOLERANCE  TIME  70*C  (I58*F) 
HEAT  STROKE  60*  C  (140*  F) 

3-5  HR  TOLERANCE  TIME  50*C  (I22*F) 


DANGER  OF  HEAT  STROKE  32*C  (90° F) 

ACCEPTABLE  MAX  FOR  ACTIVITY  AS 
ANTICIPATED  IN  MASS  SHELTER, 
IMPOSSIBLE  TO  WORK  EFFICIENTLY 
29° C  (B5°F) 

PERSPIRATION  BEGINS,  DESIRABLE 
MAXIMUM  FOR  SHELTER  *9*C(TS°F} 


100*  F 

HEAT  PROSTRATION  35*C(93*F) 

HEAT  BALANCE  CANNOT  BE  MAINTAINED 
SO*C  (8B*F> 

SLEEPLESSNESS,  HEAT  RASHES,  LIMIT  FOR 
14  DAYS  E7*C  (80* F) 

OPTIMUM  RANGE  I9*»22*C  (88^71*  F) 
ACCEPTABLE  RANGE  W*- 25* C  (50-78* F) 


0*C 


32*F 


FIGURE  10.  PHYSIOLOGICAL  EFFECTS  OF 
ELEVATED  TEMPERATURES 
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necessary  to  reach  the  pain  threshold  increases  as  the  radiation  decreases. 
This  is  apparent  from  Buettner's  curve,  Figure  12.  In  his  experiments, 
Buettner  applied  radiation  to  the  lower  arm  with  its  blood  supply  arrested  by 
a  tourniquet.  Above  0.  04  cal/cm2-sec,  no  effect  of  the  blood  supply  on  the 
prepain  time  and  on  the  skin  temperature  reached  at  the  pain  threshold  could 
be  detected.  (^2)  Wetting  the  skin  with  water  was  also  expected  to  offer 
protection.  However,  this  cooling  hardly  exceeds  0.  017  cal/cm2-sec  and 
offers  protection  from  weak  radiations  only.  For  radiations  of  0.  25  cal/cm2- 
sec  or  greater,  wetting  has  no  effect. 


Experiments  by  Moritz,  et  al.  (^32)t  estimated  the  radiant  and 
ambient  caloric  uptake  rate  per  square  centimeter  per  minute  of  pig  skin  when 
the  surface  temperature  was  35°C  (93°F).  During  the  heat  exposure,  the  sur¬ 
face  temperature  increases  with  time  which  results  in  a  corresponding 
decrease  in  the  rate  of  caloric  uptake.  For  cutaneous  surface  temperatures 
not  greater  than  60°C  (140°F),  the  rate  of  caloric  uptake  was  directly  propor¬ 
tional  to  the  difference  between  the  temperature  of  the  surrounding  air  and 
that  of  the  skin  surface  of  the  animal.  At  temperatures  of  70°C  (158°F)  and 
higher,  the  infrared  radiation  from  the  walls  of  the  test  enclosure  was  the 
principal  source  of  the  heat  energy  absorbed  by  the  animals.  Under  conditions 
that  produced  an  air  temperature  of  70°C  (158°F),  50  percent  of  the  caloric 
uptake  was  by  radiation.  At  500°C  (932°F),  the  caloric  uptake  by  radiation 
represented  85  percent  of  the  total.  Thus,  under  long  term  exposures  which 
must  by  necessity  be  at  lower  temperatures,  radiant  energy  is  less  important 
and  only  appears  to  be  significant  under  higher  temperature  conditions  where 
the  exposure  to  living  persons  will  be  shorter. 

The  solid  curves  in  Figure  12  are  plotted  from  Buettner^52 ), 
Pesman^^),  and  Stoll(326)f  ancj  the  dotted  line  is  an  extension  of  their  work 
based  on  the  temperatures  of  equal  effectivity  established  by  Buettner.  (32) 


3.  Conductive  Heat 

In  addition  to  the  convective  and  radiant  heat,  conductive  heat 
must  also  be  recognized  in  a  mass  fire  environment.  Conductive  heat  is 
considered  to  be  a  factor  only  in  those  cases  where  people  are  trapped  or  are 
unconscious  or  immobile  and  subjected  to  immediate  contact  with  heated 
objects.  It  is  assumed  that  in  any  other  situation,  persons  so  exposed  to 
conductive  heat  could  remove  themselves  or  the  object  from  such  contact. 

It  is  also  possible  to  receive  conductive  heat  burns  from  hot  flying  debris; 
however,  the  injury  received  from  impact  of  the  debris  on  the  body  is  con¬ 
sidered  to  be  more  important. 

In  heat  transfer  by  direct  contact,  the  surface  heat  conductance 
becoi  es  almost  infinitely  large.  In  this  regard,  skin  contact  with  objects  at 
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a  temperature  of  44°C  (ISl'^F)  or  higher  must  be  considered  as  possible 
sources  of  injury.  Moritz  exposed  porcine  skin  to  heated  water  at  tempera¬ 
tures  of  44°  to  1 00*C  (111*  to  2 12°F)  and  recorded  second  and  third  degree 
reactions  of  complete  epidermial  necrosis  at  intervals  of  7  hr  to  I  second. 

In  addition,  a  series  of  thirty-three  exposures  was  made  on  human  volunteers 
at  temperatures  of  44°  to  60°C  (111®  to  184°F).  These  resulted  in  second  and 
third  degree  reactions  of  complete  epidermal  necrosis  being  recorded  in¬ 
exposures  of  5  hr  to  1  second.  (230) 

Severe  burns  were  sustained  without  discomfort  at  47°C  (142°F). 
and  intense  discomfort  'was  sometimes  complained  of  before  any  irreversible 
injury  had  been  sustained  at  temperatures  in  excess  of  486C  (144°F). 

Figure  7  presents  the  results  of  Moritz 1  and Henriques’  work  in 
terms  of  time-surface  temperature  thresholds  at  which  cutaneous  burning 
occurs.  Thus,  when  contact  is  made  and  the  surface  skin  attains  the  tempera¬ 
ture  of  the  conducting  object,  the  same  rules  apply  as  noted  in  the  first  part 
of  this  section  on  skin  temperature.. 

In  terms  of  the  mass  fire  life  hazard,  the  preceding  section 
describes  various  physiological  limits  to  heat,  both  convective  and  radiant. 

To  summarize,  the  exposure  limits  for  man  may  be  estimated  for  different 
time  periods  representing  different  survival  situations.  Table  10  outlines 
such  an  estimate  for  heat. 


TABLE?  10.  TEMPERATURE  EXPOSURE  LIMITS 
FOR  VARIOUS  TIME  PERIODS 


Length  of  Exposure 

5  min 
30  min 
2  hr 
4-8  hr 
27-72  hr 
14  days 


Temperature  Limit 

140° C  (284° F) 
lOO’C  (2 12°F) 
65°-808 C  (150*-175°F) 
46*-65°C  (1 1:5 °-l 50*F) 
35“-41°C  (95°  -105°  F) 
27° G  (80° F) 


Examined  in  light  of  the  heat  to  be  expected  within  a  firestorm 
(see  Section  III)  where  temperatures  of  300°  to  400"C  (572®  to  752°F)  may 
exist  for  periods  in  excess  of  man's  survival  limits  at  these  temperatures 
(see  Figs.  10  and  11);  there  does  not  appear  to  be  any  chance  for  escape. 

This  conclusion  appears  to’be  in  agreement  with  many  of  the  observations  in 
Hamburg  where  people  were  seen  to  collapse  after  taking  but  a  few  steps. 

At  these  temperatures,  the  radiant  energies  above  would  be  sufficient  to  cause 
unbearable  pain  in  less  than-  7  seconds.  Protection  is  clearly  necessary  in 
such  an  area. 
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Carbon  Monoxide 


e. 


Almost  any  combustible  material  encountered  in  building  construction 
will  produce  copious  quar.  .ities  of  carbon  monoxide  with  incomplete  combus¬ 
tion.  (385)  The  gas  is  colorless,  practically  odorless,  and  is  slightly  lighter 
than  air  (density  =  0.  967).  The  action  of  carbon  monoxide  on  the  human  body, 
as  it  is  understood  today,  will  be  discussed  in  this  section. 

It  is  generally  agreed  that  carbon  monoxide,  unlike  most  poisons,  is 
not  lasting  in  its  effects,  unless  the  dosage  has  been  so  severe  that  secondary 
symptoms  have  been  caused,  as  in  the  case  of  damage  to  the  brain  cells.  (^5) 
Cortical  tissue  does  not  recover  if  it  is  deprived  of  oxygen  for  more  than  5 
to  10  min,  while,  in  certain  other  parts  of  the  brain  and  spinal  cord,  irreversible 
changes  do  not  begin  to  occur  for  periods  as  long  as  20  to  30  minutes.  (^^) 

Strictly  speaking,  carbon  monoxide  should  not  be  classed  as  a  poison 
but  as  a  chemical  asphyxiant.  Carbon  monoxide  causes  the  symptoms  of 
asphyxia  by  reason  of  the  chemical  reaction  which  takes  place  between  carbon 
monoxide  and  the  hemoglobin  of  the  blood.  Carbon  monoxide  displaces  oxygen 
from  hemoglobin,  and,  in  turn,  oxygen  may  again  displace  carbon  monoxide 
and  restore  to  the  hemoglobin  its  oxygen  carrying  capacity  even  though  blood 
has  a  greater  affinity  for  carbon  monoxide  than  for  oxygen(^3>  137,  149).  The 
reaction  may  be  represented  as: 

HbOz  +  CO^fc  HbCO  +  Oz  (8) 

where  Hb  is  the  hemoglobin. 

The  factors  determining  the  direction  of  the  reaction  are  the  relative 
amounts  of  the  two  gases  to  which  the  blood  is  exposed  in  the  lungs,  i.  e.  ,  their 
mass  actions  and  their  relative  affinities  for  hemoglobin(*^). 

Carbon  monoxide  has  an  affinity  for  hemoglobin,  estimated  to  be  210  to 
300  times  greater  than  oxygen.  (149, .319,  373)  Several  other  factors  combine 
to  govern  the  overall  toxicity  to  an  individual.  The  most  important  are: 

(1)  the  concentration  of  carbon  monoxide  in  the  inspired  air,  (2)  duration  of 
exposure,  (3)  respiratory  time/volume  of  air,  (4)  cardiac  output,  (5)  oxygen 
demand  of  the  tissues,  and  (6)  the  hemoglobin  concentration  of  the  blood.  (385) 

The  physiological- effect  of  carbon  monoxide  on  the  human  body  has  been 
defined  in  two  separate  ways  by  the  many  investigators:  (1)  in  terms  of  the 
percent  of  carbon  monoxide  in  the  inspired  air,  and  (2)  in  terms  of  the  blood 
saturation  (carboxyhemoglobin).  The  following  paragraphs  briefly  discuss  the 
values  determined  by  several  investigators  for  each  method  and. present 
their  resxilts  in  graphic  (Figs.  13  and  14)  and  tabular  (Table  11), form. 
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r/Asm  -  Voi/A* 

Source:  *See  Ref.  (149) 

**See  Refi  (225) 

FIGURE  13.  EFFECTS  OF  CARBON  MONOXIDE 

Henderson  and  Haggard  have  defined  the  effects  of  exposure  in  terms 
of  time  in  hours  and  carbon  monoxide  concentration  in  parts  per  million  (see 
Fig.  13).  (149) 

Time  (hr)  X  concentration  (ppm)  =  300  (no  perceptible  effect) 

=  600  (a  just  perceptible  effect) 

0 

=  900  (headache  and  nausea) 

=  1500  (dangerous) 

Note:  ppm  represents  parts  per  million;  ppm  X  10“*  =  percent  carbon 
monoxide  in  air. 


Minchin  reports  that  collapse  will  occur  when  the  product /of  the  carbon  ^ 
“rnoiruxlde  conce nfc ratibh  ih  percetit  arid  time  of  exposure  in  minutes  equals  4.  5.'^ 
That  is, 

/  Kcq  dt  =  4.  5  (10) 

0 


This  line  is  also  drawn  on  Figure  13  for  comparison. 

The  relationships  reported  by  Henderson  and  Haggard^ ^Kand  Sayer 
and  Pavenport(302 )  are  outlined  in. Table  1.1  in  terms  of  the  percent  of  the 
carboxyhemoglobin  blood  saturation  that  results  from  various  carbon  monoxide 
concentrations  in  air  and  the  associated  physiological  effects. 


The  blood  saturations  are  a  direct  result  of  the  carbon  monoxide 
concentrations  in  the  air.  Table  11  and  Figure  14  reflect  the  relationship 


— —  - ■  After  prolonged  exposures. 

- -  Maximum  degrees  of  saturation  attainable 

in  1  hr  during  rest. 

Source:  See  Ref.  (149) 

FIGURE  14.  PHYSIOLOGY  OF  CARBON  MONOXIDE 


between  these  two  factors  as  reported  by  several  investigators.  These  same 
investigators  report  that  the  absorption  of  carbon  monoxide  in  the  blood  is 
related  to  the  respiration  rate  in  that,  when  it  increases,  the  rate  of  blood 
saturation  also  increases.  Pesmah  has  assigned  values  to  various  respiration 
rates  in  terms  of  activity(^68)  so  that: 

COHb  =  K  ♦  CO  •  t 


(ID 
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TABLE  11.  PHYSIOLOGICAL  EFFECTS  OF  CARBON  MONOXIDE  ATMOS  I 


Relationships  of  (COHb)  Blood  Saturation  with  Physiological  Effects' 


Bfcndcraon  and  Haggard^*^ 


10%  —  No  appreciable  effect 
except  shortness  of  breath  on 
vigorous  muscular  exertion. 


Sayers  and  Davenport^2)* 
0-10%  —  No  symptoms 


10-20%  —  Tightness  across  fore¬ 
head,  slight  headache,  dilation 
of  cutaneous  blood  vessels. 


20%  —  No  appreciable  effect 
in  most  instances,  except 
shortness  of  breath,  even 
on  moderate  exertion;  20-30%  —  Headache,  throbbing 

occasionally  slight  headache,  in  temples. 

30%  —  Decided  headache; 

irritable;  easily  fatigued;  30-40%  —  Severe  headache, 
judgment  disturbed.  weakness,  dizziness,  dimness 

of  vision,  nausea  and  vomiting, 
collapse. 

40-50%  —  Headache,  slight,  40-50%  —  Same  as  previous  item 
confusion,  collapse  and  with  more  possibility  of  collapse 

fainting  on  exertion.  and  syncope,  increased  respira¬ 

tion  and  pulse. 

50-60%  — Syncope,  increased 
respiration  and  pulse,  coma  with 
intermittent  convulsions, 
cheyne -stokes  respiration. 

60-70%  — Unconsciousness,  60-70%  — Coma  with  intermittent 
respiratory  failure  and  death  convlusions,  depressed  heart 
if  exposure  is  long  continued,  action  and  respiration,  possibly 
death. 


40-50%  —  Headache,  slight, 
confusion,  collapse  and 
fainting  on  exertion. 


80%  -  Rapidly  fatal. 

Over  80%  —  Immediately 
fatal. 


Blood 

Satn*  at 


Haldane  and  PriestlyO*?) 


Below  20%  -  No  perceptible 
effect. 


20%  —  Exertion  causes  dizzi¬ 
ness,  extra  palpitation  and 
hypernoea 


I  30%  —  Increased  pulse  rate, 
deeper. breathing,  palpitations, 
j  exertion  causes  dimness  of 
vision  and  abnormal  breathing 
I  and  pulse  rates 

40%  —  Exertion  causes  fainting. 

|  Previous  symptoms  more 
marked. 

j 

50%  —  Vision  and  hearing, 
impaired,  movements  uncertain, 
i  exertion  causes  failure  of  legs 
I  and  collapse.  Breathing  and 
|.  pulse  rate  distinctly  increased. 

|  56%  —  Impossible  to  stand  or 
I  walk. 


70-80%  —  Weak  pulse  and  slowed 
respiration,  respiratory  failure 
and  death. 


-  *Blood' saturations  are  noted  as 
80%  of  approximate  equilibrium^ 
values. 


CO  in  Air 
(%)  (ppm) 
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Relationships  of  Carbon  Monoxide  In  Air-  ■ 


Hender.on  and  Haggard*1*1*)  Hamilton 


able  for  an  exposure  of  several 
hours. 


0.  02%  -  Po», 
headache  aft*. . 


which  can  be  inhaled  for  1  hr 
without  appreciable  effect. 

0.  06-0.  07%  —  Concentration 
causing  a  just  appreciable  effect 
after  exposure  of  one  hour 


0.  10-0. 12%  —  Concentration 
causing  unpleasant  but  not 
dangerous  symptoms  after 
exposure  of?l  hr. 

0. 15-0. 20%  —  Dangerous  con¬ 
centration  for  exposure  of  1  hr. 


Ub.Z  +2,000 


0.04% -Frbr 
nausea  afte> 
ital  headacV  - 

hr. 


0.08%-  Hea. 
and  nauaea  it 
unconscious!* 
desth  in  2  hr 


0.1 6% -Heat 
and  nausea  it 
unconscious!.* 
death  in  2  hr. 


3.3  - 

•  3,000 

3.4  - 

■  4,000 

3.5 

•  5,000 

0.6  - 

.  6,000 
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0.8  - 
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0.9  ■ 

•  9,000 

1.0  - 

*10,000 

1.28- 

•12,800 

tions  which  are  iatal  in  expo¬ 
sures  of  less  than  1  hr. 


tACGIH  Tentative  Standard 
for  8-hr  daily  exposure.  >*’ 

tLong  accepted  maximum 
allowable  concentration  (M* 
for  8  hr.W 

tLong  accepted  MACl^  for 
l-hr  exposure. 


0.  32%  —  Heat 
in  5  to  10  mil 
ness  and  dan* 
30  min. 


0.64%—  Head 
in  1  to  2  min. 
and  danger  of 
min. 


1.28%-Imm. 
Uncontcioust.* 
breaths.  Dan 
1  to  3  min. 


.0  +20,000 
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'Ct«  Relationships  of  Carbon  Monoxide  in  Air  with  Physiological  Effects 

. .  H  - --;y  — ;  1  - - " - 1 - 


Blood 
Satn.  at 

" 

* 

:qull,ff.) 

CO  in  Air  1 

Hamilton  and  Hardy(*2’) 

Minchin<225> 

<U9) 

<%) 

(ppml 

Henderson  and  Haggard^4^) 

),0054  ■ 
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10- ' 

1.006-  • 

60 

1.007'  ■ 

70 
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1.008 

80 

1.  009 

90 

1.010 

loot 

0.  01%  —  Concentration  allow- 

0.  01%’—  No  effect. 

able  for  an  exposure  of  several 

•Allowable  for  several 

hours. 

hours. 

>es  dizzi- 
.on  and 

20- 

1.02  - 

200 

0.  02%  —  Possible- mild  frontal 

0.  02%  —  Headache  after 

se  rate, 

30- 

headache  after  2  or  5  hr. 

2-3  hrj  collapse  after 
4-5  hr. 

»*  «-\lpitations, 

<  Miess  of 
breathing 

40  • 

1.03  - 

300 

e»  fainting. 

more 

1.04  - 

400$ 

0.  04-0.  05%  —  Concentration 

0.04%  —  Frontal  headache  and 

0.  4%  —  Headache  after 

which  can  be  inhaled  for  l  hr 

nausea  after  !  or  2  hr.  Occip- 

I  hr.  Collapse  after 

50- 

1.05  • 

500 

without  appreciable  effect. 

ital  headache  in  2-1/2  to.3rl/2  , 

2 :hr.  Death  after 

a  ring 

!s  uncertain. 

hr. 

4-Shr. 

ire  of  legs 

1.06  - 

600 

0.  06-0.  07%  —  Concentration 

‘  0,  06-0.  07%  —  Headache 

'hlng  and 

1.07  • 

700 

causing  a  just  appreciable  effect 

after  45  min.  Collapse 

increased. 

60-  * 

after  exposure  of  one  hour 

after  1-1/3  hr.  Death 

■  stand  or 

1.08  - 

800 

0.  08%  —  Headache,  dizziness 

.  after  -2- 1/2  hr. 

1.09  - 

-  900 

and  nausea  in  3/4  hr.  Collapse,  - 

0.  08%  —  Headache  after 

0.  10-0.  12%  —  Concentration 

unconsciousness  and  possible 

30  min.  Collapse  after 

1.10  • 

1,000 

causing  unpleasant  but  not 

death  in  2  hr. 

l'Hr.  Death  after  2  hr. 

70’ 

dangerous  symptoms  after 

0.  1-0.'  12% -Headache 

exposure  of  1  hr, 

0.  15-0.  20%  —  Dangerous  con¬ 
centration  for  exposure  of  1  hr. 

0. 16%  r*  Headache,  dizziness, 
and  nausea  in  20min.  CoJIapse, 

-  after  20  min.  Collapse 
'•after'45  min.  Death- 
after.  i- 1/4  hr. 

unconsciousness-and. possible 

0,t6%  —  Headache  after 

death-in  2,-hr. 

'  15-min,  Coiiapse^fter 

1.2  - 

-  2,000 

• 

• 

'  30  mih.  Death  after 
•I  hr. 

6,  20%  —  Headache  after 
1 0  min.  Collapse  after 
20  rhi».  Death'.after 

1.3  - 

.  3,000 

0.  32%  —  Headache  anddizziness 

in-,5  to*10  min.  .Unconscious- 
.  ness  and  danger  of  death  in 

*  45. min. 

1.4  - 

-  4,000 

0. 4%  and  above  —  Concentra- 

30-niin. 

Author  cites ’Henderson 

1.5 

-  5,000 

tions  which  are  fatal  in  expo¬ 
sures  of  less  than  1  hr« 

Haggard,  Haldane  and 
;  Priestley. 

1.6 

-'6j000 

0.  64%  —  Headache,  and  dizziness 
in  1  .to  2  mih.  Unconsciousness 

' 

1.7 

-  7,000 

and.danger  of  deathvin  10  to’15 

1.8 

-  8,000 

tACGlH  Tentative  Standard', 
for  8-hr  daily  exposure. 

t  Long  accepted  maximum 

min. 

1.9 

•  9,000 
•10,000 

1.0 

allowable  concentration  (MAC) 
for  8  hr.^) 

1.28 

•12,800 

tLong  accepted  M,\c(9)  for 

1-hr  exposure. 

1.28% —.Immediate  effecti 
Unconsciousness  after  2:to  3 
breaths.  Danger  of  deathvin 

1  to  3  min. 

l.Q‘ 

•  -20,000 

Author  cites  Haldane, 

Henderson,  Haggard,  Sayers, 

-  ,  And  YwU.  "  ■ : 

I 


57 


where 


COHb  is  percent  of  carboxyhemoglobin  formed 

CO  is  percent  of  carbon  monoxide 

t  is  exposure  time  in  minutes 

In  this  equation,  the  absorption  constant,  K,  depends  upon  the  volume 
of  air  required  per  minute  by  the  exposed  person.  Sample  K  values  for 
persons  in  various  stages  of  activity  are  as  follows.: 

K  =  3  for  persons  at  rest 
5  for  light  activity 

8  for  light  work 
11.  for  heavy  work 

Gettier!*^2)  states  that  the  average  person  in  New  York  City  has  in 
his  blood  1  to  1-1/2  percent  carbon  monoxide  saturation.  This  figure  is  not 
relate.d  to  exposure  expressed  as  percent  volume  of  air.  Persons  in  a  rural 
state  institution  have  less  that  1  percent,  while  New  York  street  cleaners 
have  as  high  as  3  percent.  Gettler  also  questions  the  amount  of  carbon 
monoxide  necessary  in  the  bloodstream  to  produce  death.  Sayers  and  Yant 
state  that  70  to  80  percent  is  necessary,  and  Henderson  makes  a  similar 
statement  (60  to  80  percent).  Gettler  reports  on  the  analysis  of  over  2000 
persons  who  died  from  exposure  to  carbon  monoxide  and  points  up  fatalities 
with  as  little  as  31.  3  and  33.  6  percent.  Four  and  a  half  percent  of  the  victims 
died  with  a  carbon  monoxide  saturation  of  between  30  and  40  percent;  another 
4-1/2  percent  between  40  and  50  percent;  and  14-1/2  percent  of  the  cases 
between  40  and  60  percent.  So,  all  told,  23-1/2  percent  of  the  victims  died 
with  less  that  60  percent  saturation.  Gettler  concludes  that,  with  a  saturation 
of  up  to  10  percent,  ho  symptoms  are  manifest,  but  that,  in  the  neighborhood- 
of  20  percent,  one  gets  shortness  of  breath  and  slight  headache  when  doing 
muscular  work.  When  approaching  30-percent  saturation,  the  danger  point 
is  reached.  Above  30  percent,  death  may  result. 

Drinker!*^’  confirms  Gettler's  statements  and  reports  on  some 
experiments  wherein  humans  were  exposed  to  carbon  monoxide.  In  these 
experiments,  the  subjects' blood  saturation  was  raised  to  the  20-  and  30- 
per, cent,  level.  Only  occipital  headaches  and  vertigo  were  reported  by  these 
subjects.  In  addition,  Haldane  performed  experiments  on  himself  and  inhaled 
carbon  monoxide  which  brought  his  blood  saturation  up  to  56  percent.  1^3,  137) 

The  symptoms  he  recorded  are  also  outlined  in  Table  11.  There  appears  to  be 
quite  a  divergence  between  Haldane's  symptons  and  Gettler's  conclusions. 

The  long  accepted  maximum  allowable  concentration  of  carbon 
monoxide  in  air  for  daily  exposures  not  exceeding  eight  hours  at  any  one  time 
has  beenvO.  01  percent087)  as  published  by  the  American  Standards  Association.!^) 


58 


Linde  nbexg  reports,  that  no  clinical  evidence  is  available  which- would -definitely 
prove  that  such  exposures  are  able  to  produce  permanent  physical  or  mental 
damage  in  man.  Animal  experiments,  however,  seem  to  indicate  that 

such  exposures  may  be  harmful. 

Linderiberg  states  that  Lewey  and  Drabkin  found  morphologic  damage 
to  heart  muscle  and  brain  in  dogs  exposed  to  0.  01-percent  carbon  monoxide 
5-1/2  hr  per  day,  six  days  a  week,  during  a  period  of  eleven  weeks.  In  monkeys 
exposed  to  0.01  percent  carbon  monoxide  for  about  three  weeks,  Lund  and 
Wieland  saw  fatty  degeneration  and  necrosis  of  the  liver.  On  the  other  hand, 
Musselman  and  coworkers  found  that  exposures  of  0.005  percent  carbon 
monoxide  (50  ppm)  for  a  period  of  three  months  caused  no  ill  effects  in  dogs, 
rabbits,  and  rats.  OS?) 

In  the  case  of  man,  the  most  pertinent  data  which  were  found  in  the 
literature  by  Weeks(^8)  are  those  of  Sievers  published  in  1942  who  studied 
traffic  officers  on  duty  in  the  Holland  Tunnel.  These  officers  were  exposed 
to  about  70  ppm  carbon  monoxide  daily,  and  their  blood  COHb  concentration 
ranged  from  0.  5  to  13.  1  percent  of  saturation  and  showed  no.  abnormalities 
that  could  be  attributed  to  carbon  monoxide  poisoning  over  a  thirteen-year 
observation  period.  However,  results  obtained  in  intermittent  exposures 
cannot  be  directly  applied  to  continuous  exposures. 

Weeks  states,  "The  slight  changes  or  lack  of  positive  toxic  signs  in 
dogs,  rats,  and  rabbits  suggest  no  harmful  toxic  effects  from  a  continuous 
three -month  exposure  of  animals  to  50  ppm  carbon  monoxide.  It  would* 
therefore,  seem,  on  the  strength  of  comparable  hemoglobin  saturation  in 
man  as  in  dogs,  that,  a  concentration  of  50  ppm  carbon  monoxide  would  be 
safe  for  continuous  human  exposure.  " 

There  is  a  definite  lack  of  data  in  the  literature  as  to  the  long  term 
chronic  effects  of  continuous  exposure  of  humans  to  carbon  monoxide  beyond 
eight  hours.  Most  of  the  experimental  work  has-been  performed  on  the  basis 
of  intermittent  rather  than  continuous  exposures. 

The  anoxemia  induced  by  carbon  monoxide  does  not  cease  as  soon  as 
fresh  air  is  inhaled,  as  is  the  case  with  the  simple  asphyxiants,  but  persists 
in  diminishing  degree  until  all  the  gas  has  been  eliminated  from  the  blood. 

With  carbon  monoxide,  there  is  the  additional  disadvantage  that  in  untreated 
cases  the  period  of  slow  elimination  is  often  much  longer  than  the  period  of 
actual  exposure  in  the  atmosphere  containing  the  gas.  The  displacement  of 
carbon  monoxide  by  oxygen  is  slow.  (319)  Henderson,  et  al.(149)t  concluded 
that  after  return  to  fresh  air,  the  elimination  of  carbon  monoxide  through  the 
lungs  proceeds  at  a  rate  of  30  to  60  percent  reduction  of  the  blood  saturation 
per  hour. 

Carbon  monoxide  is  not  a  cumulative  poison.  There  is  no  possibility 
that  this  gas  can  accumulate  in  the  body.  There  is  a  possibility  that  chronic 
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;  exposure  tp.  yer.yr  .low  level s;  of-  ca-rbon  monoxide  will  acclimatize  exposed 

persons  thus  creating  an  increased  tolerance  to  .carbon  monoxide*  Sollman 

- - reportsthatinwork  by  Kiilick,  Nasmith  and  Graham,  and  Haldane  positive 

increases  in  tolerance  were  indicated.  (319)  Drinker  also  reports  that  exposures 
continued  for  weeks  may  result  in  quite  unrecognized  changes  in  an  individual 
that  make  him  very  resistant  to  the  gas.  (93)  He  cites  experimental  work  by 
Kiilick  which  demonstrated  a  reduction  of  blood  saturation  from  33  percent 
to  18  percent  in  two  exposures  to  230  ppm  of  carbon  monoxide  after  the 
subject  had  been  exposed  to  many  exposures  of  carbon  monoxide  over  a 
I  j-  period  of  eight  months  (intermittently).  See  Figure  15. 

I  i 


0 


Source:  See  Ref.  (93) 

FIGURE  15.  ACCLIMATIZATION  EFFECTS  OF 
CARBON  MONOXIDE 


Minchin  reports  that  workers  who  habitually  have,  say,  10  percent  of 
their  hemoglobin  out  of  action  from  this  cause  seem  to  grow  accustomed  to  the 
situation  so  that  their  vulnerability  is  reduced.  (225)  Typical  symptoms  pro¬ 
duced  by  breathing  air  contaminated  with  carbon  monoxide  gas,  in  ascending 
order  of  severity,  are:  flushing  of  face,  slight  headache,  weakness,  dizziness, 
nausea,  vomiting*  increased  pulse  and  respiratory  rate,  unconsciousness, 
and  death. 

To  summarize  the  reports  of  the  various  investigators,  Figure  16 
is  presented  as  a  composite  of  their  findings  and  may  be  used  for  reference 


’  i 

t 


60 


*r  ** 


FIGURE  16.  PHYSIOLOGY  EFFECTS  OF  CARBON 
MONOXIDE  A  ibSPHERES 


when  considering  the  life  hazard  in  the  mass  fire  environment.  This  figure 
shows  an  extension  of  the  physiological  effects  to  chronic  exposure  beyond  the 
8-hr  period  in  an  attempt  to  define  the  r..ass  fire  life  hazard  to  those  trapped 
in  shelters  for  a  longer  period.  The  fprn.xulas  of  Henderson  and  Haggard' 
and  also  those  of  Minchin(^5)  obviously  cannot  be  applied  for  an  unlimited 
period  of  time.  The  range  of  their  applicability  has  not  been  clearly  estab¬ 
lished.  For  this  reason,  the  curves  in.  Figure  16  are  presented  as  a  dotted 
line  beyond  an  8-hr  period. 

The  effects  of  maximum  carbon  monoxide  concentrations  reportedly 
recorded  in  open  areas  (see  Section  V)  of  0.  08  percent  would  allow  approxi¬ 
mately  a  1 -hr  exposure  before  collapse.  Thus,  it  appears  that  carbon  monoxide 
has  yet  to  be  shown  as  a  serious  hazard  in  the  open. 

On  the  other  hand,  the  concentrations  recorded  on  the  criteria  of 
burning  structures  clearly  show  the  need  for  adequate  protection.  Table  12 
presents  the  authors'  conclusions  regarding  the  allowable  exposures  to  carbon 
monoxide  for  various  periods  in  terms  of  survival. 


TABLE  12.  TOLERANCE  TIMES  FOR  EXPOSURES 
TO  CARBON  MONOXIDE 


Length  of  Exposure 


Carbon  Monoxide  Limit  (in  Air) 


5  min 
30  min 
2  hr 
4-8  hr 
28-72  hr 
14  days 


0.30%  3000  ppm 
0.  15%  1500  ppm 
0.  045%  450  ppm 
0.  027-0.  020%  (270-200  ppm) 
0.  012-0.  010%  (120-100  ppm) 
0.  005%  50  ppm 


The  exposure  limits  for  periods  in  excess  of  8  hr  are  simply 
estimates  made  by  the  authors  and  are  not  based  on  any  experimental  or 
recorded  data. 

In  buildings  where  sheltered  people  will  be  exposed  to  carbon  monoxide 
from  interior  fires,  the  life  hazard  will  be  quite  severe.  Any  long  term  stay 
in  the  immediate  building,  if  only  for  the  duration  of  the  fire  which  may  be 
approximately  4-8  hr  (considering  cool  down  time  to  allow  res  cue -escape), 
would  require  that  carbon  monoxide  levels  be  below  0.  03  percent  (-300  ppm) 
to  insure  life  safety. 

D.  Oxygen 

Normal  inspired  air  contains  20.  9  percent  oxygen,  whereas  expired 
air  contains  15.4  percent  oxygen.  The  oxygen  inhaled  replaces  that  which 
is  used  in  the  combustion  of  the  tissues.  When  there  is  insufficient  oxygen 
in  the  air,  as  may  happen  in  a  fire  situation  inside  a  building,  the  body  suffers 
oxygen  deficiency  -  anoxia  or  hypoxia.  The  symptoms  of  anoxia  develop  so 
insidiously  that  the  subject  may  be  unaware  of  them.  They  arise  chiefly  from 
stimulation  and  depression  of  the  central  nervous  system,  since  this  is  most 
susceptible  to  oxygen  deficiency.  ^19) 

When  anoxia  occurs  rapidly,  three  typical  stages  may  be  distinguished. 
During  the  first  stage,  the  respiration  rate  (particularly  the  inspiration  rate) 
increases.  In  the  second  stage,  the  respiration  rate  becomes  irregular  and 
convulsive,  the  inspiration  rate  shallow  and  weak,  the  expirations  powerful 
and  prolonged,  and  consciousness  is  lost.  The  skin,  especially  the  face, 
assumes  a  grey  discoloration  (as  opposed  to  the  blue  coloring  characteristic 
of  asphyxia).  The  third  stage  is  characterized  by  collapse  and  convulsions, 
depressed  respiratory  centers,  shallow  and  infrequent  respiratory  movements, 
convulsive  twitching  of  the  extremities  and  the  muscles  of  the  face  and  neck, 
gasping  movements,  and  the  body  is  rigid  and  arched  backward.  In  addition, 
the  pulse  is  slow  and  soft,  at  first  strong,  thenprogressively  weaker  with  the  heart 
continuing  to  beat  weakly  for  several  minutes  after  the  respiration  has  stopped. 
Artificial  respiration  during  this  interval  generally  results  in  recovery, 
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hut.  death  usually  occurs  within  six  or  .eight  minutes  if  the  trachea  is  tied^-^) 
(see  Fig.  17). 

If  anoxia  occurs  slowly,  the  first  symptoms  are  cyanosis  and  dyspnea 
on  exertion.  The  individual  becomes  stupefied,  but  so  gradually  that  he  may 
not  be  aware  of  his  condition.  The  stupor  passes  into  unconsciousness  and 
this  into  collapse-.  The  motor  symptoms  may  be  entirely  absent.  (319) 
Kraines(173)  describes  both  experimental  and  accidental  exposures  to  low 
oxygen  concentrations  of  10  percent  or  less.  Here,  the  subjects  fell;  into -a 
stupor,  and  the  body  and  mind  became  feebler,  little  by  little,  gradually  and 
insensibly.  There  was  no  suffering.  In  factj>the  subjects  felt  an  inner  joy 
to  the  point  of  being  gay,  unaware  of  what  was  happening. 

A  candle  is  extinguished  when  the  oxygen  has  fallen  to  about  17.  5  per¬ 
cent,  and  is, therefore,  a  test  for  that  safety  condition.  Different  persons  vary 
in  their  sensitiveness  to  oxygen  deficiency. 

Henderson  and  Haggard  group  the  phenomena  of  anoxia  into  four  stages, 
best  reached  when  they  develop  slowly.  These  four  stages  are  shown  on  Figure  17 
with  Sollman's  data  for  comparison. 

McFarland  states  that  cortical  tissue  does  not  recover  if  it  is  deprived 
of  oxygen  for  more  than  5-  to  10-min  periods..  In  certain  parts  of  the  brain 
and  spinal  cord,  irreversible  changes  do  not  begin  to  occur  for  as  long.as 
20-  to  30-min  periods. 

In  terms  of  the  mass  fire  life  hazard,  oxygen  reduction  appears  to  be, 
quite  similar  to  carbon  monoxide;  the  hazard  in  the  open  has  yet  to  be  demon¬ 
strated.  However,  it  may  be  a  serious  factor  within  burning  buildings. 

Table  13  presents  examples  of  oxygen  concentrations  considered  minimal  for 
life  support  over  various  periods  of  time. 


TABLE  13.  TOLERANCE  TIMES  FOR  EXPOSURE  TO 
REDUCED  OXYGEN  ATMOSPHERES 


Length  of  Exposure 

5  min 
30  min 
2  hr 
4-8  hr 
24-72  hr 
14  days 


Oxygen  Limit,  % 

9 

11 

14 

15 

16 
17 
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HENPERgUNaHA6GAR0(l*9) 


%&B£VQL, 

NORMAL 

>2*  .y  ’ 


^QjblsRflABli?-a^r- 


AT  17.5%  SLIGHT  SYMPTONS 


fJRST  STAGE  AT  16-12%  ;6 

INSPIRATION  VOLUME  INCREASES 
PULSE  QUICKENS  ,5 

MUSCULAR  COORDINATION  DIMINISHED 

ATTENTION  A  CLEAR  TNlNKING  ,4 

.  REOUiRE  MORE  EFFORT 

Sicm  STAGE  *f 14  r-9%  ,3 

RESEMBLES  ALCOHOLIC  INEBRIATION, 
HEADACHE,  NUMBNESS,  MUSCULAR  ,2 

EFFORTS  FATIGUE  READILY  AND  CAUSE 
FAINTING,  CHEYNE-STOKES  RESPIRATION  jj 


AT  15%  NO  IMMEDIATE  EFFECT 


EXAGGERATES  EARLIER  SYMPTOMS 
NAUSEA 'AND  VOMITING,  EXERTION 
IMPOSSIBLE,  PARALYSIS  OF  MOTION 
AND  SENSATION,  UNCONSCIOUSNESS 


FOURTH  STAGS 

BELOW  6%,  RESPIRATION  STOPS, 
CONVULSIVE  MOVEMENTS 
HEART  ARRESTED  6-8  MINUTES 
AFTER  THE  RESPIRATION 


AT  10%  DIZZINESS,  SHORTNESS  < 

OF  BREATH,  DEEPER  AND  MORE 
FREQUENT  RESPIRATION, 

QUICKENED  PULSE;  SLIGHT  CYANOSIS 

AT  7%,  ABOVE  SYMPTOMS  BECOME 
SERIOUS  AND  STUPOR  SETS  IN, 
UNCONSCIOUSNESS  OCCURS 


AT  5%:M  IN  I  MUM  CONCENTRATION 
COMPATIBLE  WITH  LIFE 


AT  3-2%  DEATH  WITHIN  43  SECONDS 


FIGURE  17  EFFECTS  OF  REJ7UCED  OXYGEN  ATMOSPHERES 


E.  Carbon  Dioxide 

Carbon  dioxide  is  a  colorless,  odorless  gas  formed  by  oxidation,  such 
as  the  combustion  of  fuel.  It  causes  a  stimulation  of  the  respiratory  center  in 
the  brain  and,  if  breathed,  in  excess,  results  in  an  abnormally  high  respiration 
rate.  Carbon  dioxide  is  ordinarily  not  considered  to  be  a  toxic  gas.  Carbon 
dioxide  induces  asphyxia  through  the  exclusion  of  oxygen,  which  is  accelerated 
in  the  early  stages  by  the  stimulating  effect  of  the  gas  on  the  respiratory 
center,  producing  deeper  and  more  rapid  breathing.  As  little  as  2  percent  of 
carbon  dioxide  in  the  inspired  air  effectively  stimulates  respiration  and  3  per¬ 
cent  doubles  the  lung  ventilation  according  to  Vie ssmanP^^' (see  Fig,  18). 


Source:  See  Ref.  (359) 

FIGURE  18.  EFFECT  OF  CARBON  DIOXIDE  ON  LUNG  ACTION 

A  single  publication  issued  by  the  U.  S.  Bureau  of  Mines  lists  two 
•separate ^physiological  effects  versus  various  concentrations  of  carbon  dioxide 
in  air'22o)(See  Table  14). 


65 


C 


4.  0  Breathing  much  deeper;  rate  slightly 

quickened;  considerable  discomfort. 

4;  5-5.  0  Breathing  extremely  labored,  almost 
unbearable  for  many  individuals, 
nausea  may  occur. 

5,0  300%  breathing  laborious. 

7-9  Limit  of  tolerance. 

7.2 


9-10 


10.0  Cannot  be  endured  for  more  than  a 

few  minutes. 

10-11  Inability  to  coordinate;  unconscious- 

ness  in  about  10  minutes. 

5-20-  Symptoms  increase,  but  probably  not  / 

fatal  in>  one- hour. 

5-30  Diminished  respiration;  fall  of  Blood 

pressure ;  coma;  loss  of  reflexes; 
anesthesia.  Gradual  death  after  some 
hours. 


Noticeably 
lation,  big  ' 


1  ’Not 


Marked  9i 

.jif  Mai 
tion  moalf 

fullness  |i.^ 

minutes.^!'  -'y\;  j 

io6« 

drontal  h*a  -  : 
V;  fron 

sweating^ 


CARBON  DIOXIDE  CONCENTRATIONS 

U.  S.  Bureau  of  Mine  s<226> .  Schaefer^6) . 


The  level  at  which  probably,  no  significant  phy¬ 
siological,  psychological,  or  adaptive  changes 
occur. 

The  level  at  which  basic  performance  and  phy¬ 
siological  functions  are  not  affected.  Under 
these  conditions,  however,  slow  adaptive  pro¬ 
cesses  are  observed  in  electrolyte  exchange  and 
acid  base  balance  regulations  which  might  induce 
pathophysiological  states  on  greatly  prolonged 
exposure. 

Slight  increase;  no  subjective 

symptoms. 


Noticeable  increase  in  lung  venti¬ 
lation,-  but  no  other  symptoms. 


Marked  increase  in  lung  ventila¬ 
tion  moderate  sweating  and  a  slight 
fullness  in  the  headafter  10 
minutes.. 


300%  increase  in  lung  ventilation 
frontal  headache  -  dizziness, 
sweating  -  TO  minutes. 


The  level  producing  performance  deterioration, 
alterations  inbasic  physiological  functions  as 
expressed  in  changes  of  weight,  blood  pressure, 
pulse  rate,'  metabolism  and  finally  pathological 
changes. 


Sollman  reports  that  at  4.  5  to  5  percent  carbon  dioxide,  the  breathing 
becomes  extremely  labored,  almost  unbearable  for  many  individuals,  and 
nausea  may  occur.  (319)  At  8-1/2  percent  carbon  dioxide,  there  is  distinct 
dyspnea,  loss  of  blood  pressure,  and  congestion  which  become  unsupportable 
in  15  6r  20  minutes,  and  the  limit  of  tolerance  is  7  to  9  percent.  Balke 
reports  the  tolerance  limit  at  10  percent.  ( *9) 

Yuill  and  Bieberdorf  state  that  inhalation  of  7  to  10  percent  carbon 
dioxide  may  be  fatal  in  a  short  period.  (385) 

Viessman(359)  sUggests  3  percent  as  a  practical  limit  for  a  3^-hr 
exposure.  Strope(328) '-also  suggests  3  percent  as  the  practical  limit  in  a 
shelter  for  periods  up  to  24  hours.  Murphy(^37)  mentions  5  percent  as  the 
dangerous  limit,  while  Marshall  and  Pleasants(^®8)  repQrt  safe  allowable 
concentration  range  s  to  be  fromd  to  7.  2  percent  with  some  slight  physiological 
effects  appearing  dependent  on  the  individual.  They  report  that  the  average 
person  will  experience  a  slight  fullness  of  the  head  and' moderate  sweating 
upon  being  exposed  to  7.  2.  percent,  the  maximum  allowable  concentration 
ranges  from  6  to  9.  5  percent  (at  8  percent,  moderate  headaches  and  dizziness 
occur;  above  9.  5  percent,  severe  headaches,  dizziness  and  preliminary 
carbon  dioxide  riarcp3is  will  be  encountered). 

Jbeutz(l$l»  *#2)  suggests  2  percent  carbon  dioxide  as  the  bearable 
limit,  and  Panero(2bT)  states  that  the  carbon  dioxide  content  should  not  be 
allowed  tp  reach  concentrations,  above  0.  6  percent.  After  judging  the  wide 
variance  in  suggested  limits  from  0.  6  to  7.  2  percent,  Muraoka(233)  suggests 
that  1.  5  percent  appears  to  be  a  good  design  value. 

Roth(?90)  presents  a  relationship  between  carbon  dioxide  concentra¬ 
tion  and  time  that  explains  some  of  the  apparent  disagreement  (see  Fig.  *19). 
However,  his  upper  limit  for  normal. performance  is  approximately  1.  5  per¬ 
cent  carbon  dioxide  and  from  3  to  4  percent  for  minor  perceptive  changes. 
Roth's  data  cover  the  0  to  100-min  time  period. 

Sphaefer^^V presents  a  concept  of  triple  tolerance  limits  for  a  time 
period  up  to2,6  days  based  on  chronic  carbon  dioxide  toxicity  studies  (see'  • 
Fig..  19  and  fable  14). 

The  Navy  has  successfully  conducted  studies  of  man's  exposure  to 
1.  5  percent  carbon  dioxide  for  a  continuous  period  of  42  days,  (143)  and  the 
Air  Force  has  recently  exposed  men  to  levels  of  3  percent  for  a  continuous 
period  of  5  days.  The  3~percent  exposure  was  reported  as  "sort  of  a  minimal 
challenge"  to  the  human  body.  (189) 

Pe;sman(^8)  reviewed  the  works  of  White,  Spealman  and  King  and 
developed  a  different  set  of  limits  (see  Fig.  19).  He  concluded  that,  incon¬ 
centrations  up  to  and  above  4  percent  for  periods  of  ten  minutes,  individuals 
could  perform  useful  tasks. 
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Source:  See:  Refs.  (268,290,306) 

FIGURE  19.  THRESHOLD  CURV-E3  FOR  EXPOSURE 
TO  CARBON  DIOXIDE 

Figure  19  presents  a  summary  of  the  available  data  and  represents  the 
range  of  physiological  effects  generally  known  to  date. 

Summarizing,  it  would  appear  that  there  are  many  circumstances  in 
poorly  ventilated  or  overxrowded:  shelters  where  carbon  dioxide  may  be  a 
serious  factor  and  one  that  certainly  should  be  taken  into  account. 

TABLE  15.  TOLERANCE  TIMES  FOR  EXPOSURE 
TO  CARBON  DIOXIDE 

Length  of  Exposure  Carbon  Dioxide  Limit  (In  Air),  % 


5  min 
30  min 
2  hr 
4-8  hr 
24-72  hr 
14  days 


Table  15  gives  an  example  of  exposure  limits  that  ^re  allowable  for  the 
various  periods  of  time  without  seriously  endangering  the  health  of  those 
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exposed,.  While  all  the  inve stigators  donotagree  pre cisely,  there  is  enough 
general  agreement  to  incorporate  their  findings  into  one  figure  (see  Fig.  20). _ 


FIGURE  20.  TOLERANCE  LIMITS  FOR  EXPOSURE 
TO  CARBON  DIOXIDE 


On  the  other  hand,  it  is  impossible,  obviously,  to  draw  a  distinct  line  between 
those  situations  where  carbon  dioxide  can  be  considered  by  itself  and  the 
situations  where  oxygen  deficiency  is  of  prime  significance.  Anoxia  is  pro¬ 
duced  by  a  lack  of  oxygen  while  asphyxia  is  produced  by  a  combination,  of 
carbon  dioxide  and  oxygen  deficiency.  In  either  situation,  carbon  monoxide 
is  likely  to  be  present  in  some  amount.  Maintenance  of  a  proper  balance  of 
the  three  gases ,  awareness  of  the  effects  of  each,  and  means  for  knowing  when 
the  survivable  limits  of  each  are  approached  would  seem  to  be  an  appropriate 
defense. 

F.  Other  Noxious  Gases 


In  addition  to  the  products  of  combustion  already  mentioned,  there  are 
a  host  of  other  noxious  gases  which  may  be  encountered  depending  on  the 
nature  and  quantity  of  the  material  being  burned  and  the  conditions  of  combustion 


The  importance  of  hydrogen  chloride  (HCL),  ammonia  (NH3),  hydrogen 
sulfide  (H^S),  chlorine  (Cl),  and  a  wide  variety  of  other  gases  such  as  sulphur 
dioxide^  phosgene,  hydrogen  cyanide «.  andthe  oxidegofnitrogenhasbeen 
cited  as  being  of  significance  under  special  conditions.  ^5,  243,  385)  The  most 
recent  of  these  references  indicate  that  carbon  monoxide,  or  a  combination 
Of  carbon  monoxide  and  oxygen  deficiency,  cohsititutes  the  major  life  hazard 
in  most  fires; 

Quantities  of  certain  materials  in  storage,  as  in  warehouses  or 
salesrooms,  involved  in  fire  may  produce  unusual  quantities  and  possibly 
fatal  amounts  of  gases  other  than  carbon  monoxide.  For  instance: 

Chlorinated  compounds  -  hydrogen  chloride,,  chlorine,  phosgene 

Natural  and  synthetic  rubber  -  sulphur  dioxide  and  hydrogen  sulphide 

Natural  fibers  such  as  wool  or  hair  -  hydrogen  cyanide 

Even  here,  the  nature  of  the  fire  (ventilation,  ignition  source,  etc.  )  may  be 
such  that  anoxia  and  carbon  monoxide  are  far  more  significant. 

It  is  possible,  also,  that  individual  gases  present  at  a  tolerable  level 
may,  in  combination  with  other  gases  also  present  at  an  acceptable  level, 
provide  a  fatal  combination.  The  possibility  of  such  synergistic  action  is  con-: 
side  red  in  more  detail  below  and  in  Section  VI. 

An  attempt  will  not  be  made  in  this  report  to  define  further  the  life 
hazard  presented  by  these  noxious  gases,  some  of  which  have  been  mentioned, 
other  than  to  include  some  of  the  more  significant  references  which  contain 
information  regarding  the  various  gases,  how  they  are  produced,  and  their 
relative  toxicities. 

Noxious  gases  (here  defined  as  smoke,  fumes,  and  products  of  incomplete 
combustion)  have  been  cited  many  times  as  a  major  cause  of  death  by 
Phillips^  70-273=^  F'inlandH  Davis  et  al.  The  work  conducted  by 

Moritz,  Henriques,  and  McLean^29)  further  points  to  the  fact  that  many 
fatalities  which  are  diagnosed  as  being  due  to  respiratory  burns  are  more 
frequently  due  to  pulmonary  edema  and  asphyxia  resulting  from  the  inhalation 
of  either  smoke  or  combustion  gases.  The  difficulty  in  producing  a  primary 
pulmonary  burn,  as  pointed  out  by  Moritz  and  coworkers,  emphasizes  the 
fact  that  most  of  these  cases  of  pulmonary  edema  may  be  secondary  to  the 
inhalation  of  noxious  fumes. 

G.  Synergisms 

The  life  safety  hazard  of  various  combustion  products,  each  one  being 
treated  as  a  single  exposure  has  been  discussed  in  previous  sections.  It  has 
been  recognized  by  many  investigators  that  significant  synergistic  effects 
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exist,  between  the  various  individual  component  gase  s  resulting  from  the  ^burn¬ 
ing  of  various  building  materials. 

The  combined  action  of  oxygen  and  small  amounts  of  carbon  dioxide  is 
probably  one  of  the  oldest  known  effects.  In  1920,  Henderson  and  Haggard 
published  a  paper  on  the  treatment  of  carbon  monoxide  asphyxia  by  the  inhala¬ 
tion  of  90  percent  of  oxygen  and  10  percent  of  carbon  dioxide.  In  this  case, 
the  carbon  dioxide  serves  to  increase  the  breathing  rate  (pulmonary  ventilation) 
and  thus  increase  the  rate  of  disassociation  of  the  COHb.  Tests  reported  by 
Gellhorn(*^)  show  an  effect  from  low  oxygen  (8,5  percent)  which  disappeared 
when  a  mixture  of  8.  5  percent  oxygen  plus  3  percent  carbon  dioxide  was 
breathed.  The  carbon  dioxide  served  to  increase  the  pulmonary  ventilation 
rate  which  offset  the  reduced  oxygen  atmosphere.  Schaefer  points  out  that 
this  effect  lasts  only  for  two  or  three  days  and  that  this  is  then  followed  by 
a  period  of  depression. 

Zapp^®6)  exposed  goats  to  atmospheres  of  low  oxygen  and  then  to 
atmospheres  of  low  carbon  monoxide.  Following  this,  the  goats  were  exposed 
to  a  combination  of  low  oxygen  plus  carbon  monoxide.  Later,  carbon  dioxide 
and  heat  were  added  to  determine  their  individual  and  combined  effect. 

The  goats  exposed  to  3  percent  oxygen  in  nitrogen  died  on  an  average 
in  6.  91  minutes.  Exposure  to  2.  7  percent  carbon  monoxide  in  air  resulted 
in  deaths  at  an  average  of  7.  24  minutes.  The  combination  of  2.  7  percent 
carbon  monoxide  with  3  percent  oxygen  in  nitrogen  proved  to  be  more  lethal 
than  either  carbon  monoxide  alone  or  low  oxygen  alone.  Respiration  ceased 
at  an  average  time  of  1.  9  min,  and  the  last  gasp  occurred  at  an  average 
of  4.8  min  when  the  2.7  percent  carbon  monoxide  with  3  percent  oxygen  in 
nitrogen  was  used.  During  this  test,  arterial  oxygen  saturation  reached  a 
lower  level  (6  percent)  and  arterial  carbon  monoxide  saturation  reached  a 
higher  level  (90  percent)  after  5  min  of  gassing  with  this  mixture  than  with 
either  the  low  oxygen  or  the  carbon  monoxide  component  (see  Table  16). 

Some  goats  were  then  exposed  to  an  atmosphere  containing  2.  7  percent 
carbon  monoxide,  3  percent  oxygen,  and  7  percent  carbon  dioxide  in  nitrogen. 
The  average  time  of  death  was  4.  1  min  with  the  7  percent  carbon  dioxide 
having  a  slight  and  probably  insignificant  effect  on  the  time  of  death  of  the 
goats.  The  arterial  oxygen  and  carbon  dioxide  saturation  were  essentially  the 
same  as  in  the  absence  of  carbon  dioxide. 

When  the  effect  of  artificial  fever  induced  in  the  animals  was  combined 
with  the  toxicity  of  lethal  gas  mixtures,  the  average  time  of  death  was  reduced 
by  39,41  and  32  percent. 

Pesman^^fl)  has  studied  the  escape  time  from  aircraft  as  limited 
by  the  combination  of  carbon  monoxide  and  low  oxygen.  Lower  oxygen  con¬ 
centrations  are  related  to  high  absorption  factors  which  in  turn  reflect  a 
higher  percentage  of  carboxyhemoglobin  being  formed. 
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Moss  ,-  et  ai.^---^  reported  on  the  reactions  of  White  female  rats 
to  hydrogen  cyanide,  carbon  monoxide,  and  mixtures  of  these  two  gases. 

The  experiments  using  carbon  monoxide  or  hydrogen  cyanide  singly  showed 
that  death  of  rats  could  not  be  regularly  expected  from  hydrogen  cyanide 
under  a  concentration  of  50  ppm  (0.005  percent)  or  from  carbon  monoxide 
under  a  concentration  of  5000  ppm  (0.  5  percent).  All  the  rats  treated  with 
a  carbon  monoxide  concentration  less  than  5000  ppm  ultimately  recovered. 

When  combined,  a  dose  of  2000  ppm  carbon  monoxide  to  20  ppm  hydrogen 
cyanide  in  one  case  produced  death  in  approximately  30  minutes.  When  the 
hydrogen  cyanide  was  reduced  to  15  ppm,  death  was  once  caused  in  15 
minutes.  When  reduced  to  10  ppm  of  hydrogen  cyanide,  a  death  occurred 
at  32-1/2  minutes.  As  a  result  of  this  work  it  was  concluded  that,  in  the 
presence  of  sublethal  amounts  of  carbon  monoxide,  a  relatively  small  amount 
of  hydrogen  cyanide  proved  fatal  to  rats. 

Keplinger,  et  al.  ^^?),  studied  the  effects  of  environnmental  tempera¬ 
ture  on  the  acute  toxicity  of  a  number  of  compounds  in  rats.  The  approximate 
lethal  doses  of  fifty -eight  compounds  were  determined  at  three  different  ambient 
temperature  conditions:  8°C  (46.  4#F);  26*C  (78.  8°F);  and  36*C  (96.  8*F). 

Nearly  all  rats  in  the  hot  environment  succumbed  to  lower  doses  of  a  compound 
than  those  at  8°  or  26*C.  Based  on  the  lethal  doses,  the  compounds  were  two 
to  seventeen  times  more  toxic  at  36°C  than  at  26° C. 

Korenevskaya^ ^2)  (USSR)  cites  Razgulyaev  and  Karasik  who  concluded1 
that  the  concentration  of  carboxyhemoglobin  in  the  blood  in  carbon  monoxide 
poisoning  at  high  air  temperature  decreased.  They  assumed  that  the  intensified 
effect  of  carbon  monoxide  poisoning  at  high  air  temperature  was  the  result  of 
lowered  body  resistance.  Pokrovskii  and  Naviotskii  were  also  cited  as  being 
of  the  opinion  that  the  concentration  of  carboxyhemoglobin  in  the  blood  at  high 
air  temperature  was  not  indicative  of  the  degree  of  intoxication.  Hyperthermia, 
they  believed,  affected  first  the  central  nervous  system,  enhancing  its 
reactivity  to  the  poisonous  effects  of  carbon  monoxide,  thereby  augmenting  the 
depth  of  the  intoxication. 

Korenevskaya  studied  the  effect  of  high  air  temperature  on  the 
processes  of  accumulation  and  dissociation  of  carboxyhemoglobin  in  the  blood 
in  the  presence  of  small  doses  of  carbon  monoxic*;  and  the  relation  between  the 
rate  of  carboxyhemoglobin  accumulation  in  the  blood  and  the  appearance  time 
of  intoxication  symptoms. 

Women  were  noted  working  in  atmospheres  of  low  carbon  monoxide 
at  temperatures  of  20°  to  25“C  (68°  to  77*F)  arid  at  40°  to  50*C  (106*  to  122°F). 
After  working  in  the  hotter  environment,  women  complained  of  general  malaise 
and  frequent  headaches.  Later  experimental  work  on  rabbits  showed  that,  with  a 
rise  in  air  temperature,  the  toxic  effect  of  carbon  monoxide  increased  due  to  a 
complex  of  causes. 
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In  cbmpa r  in  g  concentrations  of- .car-boy,y,hernO'globin  -in  the  -blood-wit-h- 
the  accompanying  symptoms,  Koreneyskaya  found  it  apparent  that  in  hyper¬ 
thermia  a  lack  o^paraHeiism  existed  between  carBoxyhemoglpbifi  contest  iri 
the  blood  and  the  gravity  of  intoxication.  In  isolated  cases,  the  blood  carboxyr 
hemoglobin  concentrations  of  individual  animals  exposedrto  carbon  monoxide 
and  hyperthermia  were  not  higher,  and  at  times  were  lower,,  than  in  cases  of 
similar  carbon  monoxide  exposure  at  normal  air  temperatures.  Yet,  the 
symptoms  we,re  more  pronounced.  The  increased  action  of  carbon  monoxide 
in  hyperthermia  was  disproportionate  symptomologically  to  the  concentration 
of  carboxyhemoglobin  in  the  blood,  leading  to  the  conclusion  that  carboxy- 
hemjogiobin  concentration  in  the  blood  in  hyperthermia  cannot  be  regarded  as 
.the  criterion  of  the  gravity  of  inhaled  carbon  monoxide  toxicity  and  vice  versa. 

In  addition  to  the  intensification  of  the  effect  of  carbon  monoxide  in  combined 
hyperthermia  and  carbon  monoxide  intoxication,  the  organism's  resistance 
to,  temperature  was  also  reduced.  Thus,  the  toxic  effects  of  carbon  monoxide 
in  hyperthe rmy  were  synergistic,  a  fact  which  was  expressed  in  intensified 
clinical  symptomplogical  pictures. 

-  -  As  a  part  of  this  project,  a  limited  number,  of  animal  tests  were  con¬ 
ducted.  Adult  male  Swiss  albino  mice,  25  to  30  grams  in  weight,  were  exposed 
to  varying  degrees,  of  carbon  monoxide  in  combination  with 'hyperthermia.  A 
significant  reduction  in  the  average  time  of  death  was  noted  when  heat  was 
applied  in  conjunction  with  the  carbon  monoxide.  Figure  2.1  illustrates  reduction 
in  survival  times  by  a  factor  of  5  to  12. 


Source:  SwRI 

FIGURE  21.  SYNERGISTIC  ACTION  OF  HEAT  AND  CARBON 

DIOXIDE  ON  WHITE  MICE 


In  addition  to  the  studies  performed  on  the  synergistic  aspects  of  the 
various  products  of  combustion  from  fires,  there  has  also  been  a  considerable 
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amount  of  experimental  work  accorriplisheddri  some  of  the  other  synergism s 
to  be  expected  with  the  mass  fire  environment  created  by.  athermonuclea-r 
weapon.  While  the  effects  of  radiation  (other  than  thermal  radiation)  are 
outside  the  scope  of  this  study,  it  is  of  interest  to  note  el  study  of  the  synergistic 
action  between  whole  body  irradiation  and  thermal  burns.  Iri  work  by  Brooks, 
dogs  were  exposed  to  25  r  with  no  mortality,  and  to  100  r  with  no  mortality. 
Exposed  to  a  deep  second  degree  thermal  burn  over  20  percent  of  their  body,  13  per¬ 
cent  of  the  dogs  died.  When  exposed  to  a  combination  of  25  r  and  20  percent 
body  burn,  33  percent  of  the  dogs  died.  Exposed  to  a  combination  of  100  r  arid 
20  percent  body  burn,  76  percent  of  the  dogs  died;  This  is  an  increase  in 
mortality  by  a  significant  factor  of  6. 

H.  Smoke 

Smoke  is  a  distinct  and  separate  hazard  from  the  gases  previously 
mentioned.  It  consists  mainly  of  carbon  particles  and  other  inert  materials. 

Smoke  has  two  potentially  hazardous  effects:  ( 1 )  it  reduces  visibility,  and 
(2)  it  may  be  injurious  to  the  lining  of  the  respiratory  tract.  (^85) 

Its  first  effect  is  obviously  psychological,  caused  by  the  obscuration  of 
vision.  This  is  evident  in  reading  the  accounts  of  such  holocausts  as  the 
SS  NORONIC,  the  Cocoanut  Grove  nightclub,  the  Iroquois  Theater,  the  Hartford 
Circus,  the  Wine coff  Hotel,  and  many  others. 

In  recent  years,  there  has  been  considerable  concern  regarding  the 
hazard5 from  smoke  as  it  affects  visibility.  This  is  reflected  in  the  manner  in 
which  interior  building  finish  materials  sometimes  are  regulated  on  the  basis 
of  smoke  developed  while  burning.  ASTM  Standard  E-84  is  the  fire  test  method 
used  to  rnea sure  smoke  production.  (®') 

In  discussing  the  hazards  of  smoke,  Soland,  etal.'^®\.  concluded 
that  ordinary  smoke,  exclusive  of  any  specific  gas,  acts  as  an  irritant  to  the 
entire  respiratory  tract  causing  inflammation.  Zapp(^86)  found  that  certain 
pyrolysis  products  from  foamed  plastics  caused  disturbances,  of  the  gastro¬ 
intestinal  tract  in  his  test  animals.  Leviri^®^^  raised  the  question  of  the 
lungs  shutting  off  the  inflow  of  noxious  substances  arid  the  automatic  swallowing 
of  the  poisons,  This  is  refuted  by  Soland(3l8)  who  states  that  smoke  is 
inhaled,  Phillips(^t)-273)  considers  the  respiratory  hazard  far  more  serious 
and  the  need  for  oxygen  urgent  in  addition  to  the  possibility  that  not  only  may 
inhaled  gases  damage  both  lung  and  stomach,  but  gastric  juices,  regurgitated: 
by  the  distressed  stomach,  may  be  choked  into  the  airway.  Yuill  and 
Bieberdorf(385f  stated  that  the  preponderance  of  opinion  appears  to  be  that 
the  initial  hazard  of  srnoke  is  related  to  visibility  and*  to  a  lesser  extent, 
to  panic.  Late  effects  of  severe  exposure  appear  to  be  internal  trauma  and 
possibly  toxemia. 

Mallory  and  Brinkley  (199)  jn  reporting  on  the  victims  of  the  Cocoanut 
Grove  disaster  felt  that  the  critical  injury  was  the  re  suit  of  some  inhaled 
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irritant,  either  physical  or  chemical  in  nature,  and  that  inhalation  Of;  flames 
could  not  account  for  this  type  of  lesion. 

Finland*112*  reporting  on  the  131  cases  admitted  to  the  Boston  Gity 
Hospital  from  the  Cocoanut  Grove  fire  suggests  the  inhalation  of  the  very  hot 
air  and  fumes,  which  presumably  contained  many  toxic  products  and  numerous* 
hot  particles  of  fine  carbon  or  similar  substances  in  the  smoke  as  an 
explanation  of  the  respiratory  tract  damage.  Carbon-like  particles  were 
contained  in  the  sputum  raised  for  several  days  in  some  of  the  survivors, 
arid  they  were  mixed  with  the  exudate,  found  in  the  trachea  and  in  the  large 
and  small  bronchi  of  the  fatal  causes. 

Fineberg*1 1 1  *  states  that  the  clinical  manifestation  of  respiratory 
tract  injury  may  follow  noxious  gas  or  smoke  inhalation.  Davis,  et  al.*°®*, 
concluded  that  many  deaths,  which  are  diagnosed  as  due  to  respiratory  burns, 
are  more  frequently  due  to  pulmonary  edema  and  asphyxia  resulting  from  the 
inhalation  of  either  smoke  or  other  fumes  which  have  been  produced  by 
combustible  materials. 


Some  work  has  been  done  and  other  work  is  underway  to  define  the 
relative  hazard  of  smoke  emissions  from  the  burning  of  specific  materials. 

A  program  conducted  at  Underwriter's  Laboratories  Inc.,  provided  basic 
data  on  which  reasonable  smoke  limits,  as  determined  by  the  ASTM  E-84test,; 
could  be  established  but  only  regarding  the  hazard  of  light  obscuration.  P'2  ) 


In  short*  it  appears  that  smoke,  per  «e,  presents  a  rather  poorly; 
defined  physiological  and  psychological  hazard  in  the  event  ot  fire.  Little  ' 
qualitative  or  quantitative  work  has  been  done  to  establish  the  degree  of  a 


hazard  in  individual  fifes.  None  of  the  experimental  work  done  or  in; .progress 


appears  to  have  any  relationship  to  the  mass  fire  life  hazard. 


The  personal  experience  of  the  authors,  corroborated  in  discussions 
with  fire  fighters,  supports  the  contention  that  thick  smoke  can  obsrurf  vision 
can  cause  excessive  lachrymation,  and  can  actually  be  painful  when  inhaled. 
Under  the  stress  of  mass  fires,  these  effects  could  be  exaggerated  ana  could" 
have  an  effect  on  the  survival  rate. 
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V. 


RELATIVE  importance  of  comb  ustion  produc  ts 


in  addition  to  recognizing  the  life  hazard  as  presented  by  the  various 
parameters  found  within-  the  mass  fire  environmehtj  it  is  important  to  under¬ 
stand  their  relationship  with  each  other  and  the  relMive  importance  of  each. 
As  previously  stated,  the  mass  fire  environment  ie  a  complex  and  changing 
one,  dependent  on  many  variables,  a  few  of  which  are:  (1)  the  composition  of 
fuel  or  combination  of  fuels,  (2)  fuel  geometry,  (.3)-  ventilation,  (4)  tempera¬ 
ture,  and  (5)  fuel  density. 

Perhaps  the  best  evidence  should  be  available  from  the  records  of 
actual  mass  fires  such  as  occurred  in  Hamburg,  Germany  (1943);  Tokyo, 
Japan  (1923  and  1945);  San  Francisco,  California  (1906);  Chicago,  Illinois 
(.1871);  Peshtigo,  Wisconsin  (1871);  and  the  large  forest  fire  which  covered 
3,  000,  000  acres  in  northeastern  Washington,  northern  Idaho  and  western 
Montana  in  1910. 
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Accounts  of  these  fires  are  largely  subjective,  and,  in  some  cases,  the 
best  the  reader  can  do  is  to  get  an  overall  impression  from  reading  each 
narrative,  These  impressions  can  then  be  pieced  together,  and,  if  a  pattern  is 
'ev.ide;hJ^an-9pihion-can^  reasonably  be  developed. 


i  •• 


Such  an  ophVioiyhas  been  for^jed after  reading  the  accounts  of  Busch 

M GT i i Kennedy^ and  others  tha 


(59) 


p^Ohominaht  hkzar.d^njth^p^eh-in  a  mas sjfjrp^envi.i;onment  is  heat.  The  se  nar  - 
,  C  ^airv^a^ooutj^  deJcVibingithe  intense  heat  and  the 

sulting-directly  from  the vfir.es Lea  sot 0^9)de  scribe  s  the 
:  London  fire"  otA'hkb  and  reports  .four  deaths Jfrorh  fire ~two  persons  were 
.  f  rappe^y  one  wa. s  rpyercome^by^furhe  s  When  he  reentehed  a  burning  building, 
ana  ;on"errefus^drtofe?.ye  his: -  burning ;  home,  Con  we  11  reports  on  the  Boston 
Fibe  of  1812  and  theWmany  of  \vhom  gave  the ii*  live sh. and  the.  "rumors  of 
losses,  of  dreadfuldeaths;  "  The  deaths  when  examined  3:10 seiy  by  Conwell 
wepe  mQstly  firemen  sfruck.by  fallihgxwalla  oritrapped  in  burning  structures. 

Remihislcences  hf  Chicago  during  5the  Great  Fire( ^45)  contain  many 
references  to  the  "intense  heat"  and  "violence11  of  the  wind;  however,  there 
..are  no  indications  of  any  deaths  occurring  among  the  people  rushing  about  the 
streets  in  ciosO  proximity  to-  the,  fires  Or  even  among  f  ose  -crowding  in  the 
:  .darknkh-a  ihtp  the^coblin^water  ^f  Lake  Michigan. 


and  others  that  the 


•C r  om  iei  93).,.  reporting.  on  the  Chicago  fife,  cites  several  Incidents  where 
the  firemen  and:  citizens  graved  intense  heat,  in  attempts  to>  save  property. 
TheHvihd  is  reported  to  have:pr evented  the  movement  of  trained  firemen,  and 
the  smoRe.  ishited  as  suffocating  i^one^dat^r'i-TH'ex^.  ,afc«  no  references  to  any 
observations  of  death,  caused  by;  expo Jure  to  ga'Sea,  smoke,  Or  heat  in  the 
streetsphowever,  .there  ar e  several  references  tpbhe  severe  conditions  pre- 
sented  hy  the  combioationof  Wind  andheat  Which  prevented  travel  in  various 
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areas  of  the  burning  city.  The  author  reports  that  120  bodies,  were  recovered, 
rnbst  bf  whreh  were  determined  to  have  succumbed  to  the  fire  after  having 
been  trapped'. _  . 

Accounts  by  Tyler(340)t  Morris(234)t  Sutherland^ 33)^  and  Kennedy^ 
of  the  San  Francisco  earthquake  and  fire  contain  descriptions  of  death  coming 
to  many  by  fire  as  a  result  of  their  being  trapped  in  collapsed  buildings. 

These  accounts  are  conspicuously  free  of  any  references  to  people  dying  as  a 
result  of  exposure  to  fire  gases  or  heat  in  the  streets. 

Busch's^*?)  account  of  the  Tokyo  earthquake  and  fire  of  1923  which 
killed  over  100,  000  people  offers  one  of  the  best  documented  accounts  of  a 
large  mass  fire.  To  some  degree,  the  high  loss  of  life-r-140,  000  if  the  missing 
are  included— -may  be  attributed  to  the  many  burned  bridges  and  the  large 
stored  quantities  of  highly  combustible  goods  which  served  to  trap  many  of  the 
victims.  However,  the  large  loss  of  life  is  attributed  less  to  these  causes 
than  to  one  special  factor.  This  was  a  change  in  the  weather  that  occurred 
during  the  fire.  The  reference  here  is  to  whirlwinds  or  tornados  as  the 
author  refers  to  them. 

The  deaths  of  nearly  40,  000  people  who  had  gathered  at  the  Clothing 
Depot  is  described  in  connection  with  a  whirlwind  which  was  100  to  200  meters 
high  with  a  velocity  of  70  to  80  meters  per  sec  (160  to  180  mph).  Busch 
states  that  oxygen  is  plentiful  even  during  a  conflagration  and  that  there  is 
"enough  to  sustain  both  the  fire  and  the  people— unless  both  are  in  the  isame 
place,  in  which  case  the  people  usually  burn  to  death  anyway.  However,  in 
the  case  of  fiery  whirlwinds  or  tornados,  this  may  not  hold  true.  In  Tokyo, 
when  a  large  whirlwind  or  tornado  passed  over  am  area,  it  often  left  so  much 
carbon  monoxide  in  its  wake  that  even  those  who  had  not  burned  to  death  died 
within  a  very  few  minutes  from  the  effects  of  the  poison.  "  Such  am  incident 
was  described  amd  took  place  near  the  Yoshiwara  district  where  600  died. 

The  bodies  were  not  burned,  and  it  is  concluded  thait  a  "tornado"  passed  over 
the  area. 

Busch's  report  includes  personad  accounts  of  survivors  who  lived 
through  the  intense  heat  while  others  in  the  immediate  area  perished.  In  each 
of  these  cases,  the  survivors  were  badly  burned  but  could  assign  their  survival 
to  some  garment  or  barrier  which  protected,  them  from  more  exposure  to  the 
heat. 


Spencer(^O),  reporting  on  the  forest  fires  of  1910  which  burned 
3,000,000  acres  over  northeastern  Washington,  northern  Idaho,  and  western 
Montama,  cites  the  personad  experiences  of  a.  number  of  survivors.  Fire¬ 
fighting  crews  were  trapped  and  cut  off  from  escape  in  this  fast  spreading 
series  of  fires,  and  several  accounts  of  survival  from  those  present  speak  for 
the  conditions  encountered.  Many  of  these  accounts  are  from  reports  of  experi 
enced  forest  fire-fighting  personnel.  With  few  exceptions,  the  major  hazard 
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appeared  to  be  the  heat,  Therb  axs  numerous  reference's  to  smoke  and  its 
nuisance  value.  in  stifling^hreathing^  ^One-fncident-is-  =reported  cf  :sur-vival“  ; 
within  the  fire  area  in  a  cave..  Forty -fivemen  sought  shelter,  and  many  of 
them  "soon  became  unconscious-.fr on;  theterrible  heat,  smoke,  and  fixe  gas-. 
Five  died  as.  a  result.  '  -  -  -  -I  *  -  - 


The  wind  was  reported  as^so  strong -that  it  lifted  men  out  of  their  ; 

saddles  and  pushed  the  fire  along  at  20  to  70  mph.  Thdre  arp  several  reported1 
survivals  of  fire^ghtingx  crews  which  suffered? he’kt  :so  intense  it  ''took  my  T 
breathaway.  "  Softie  were" surrounded  aiid'ixferhlly  over.rtfn7by  One 

forest  ranger  sjated-  "a  few  yards  bel;6w  Na  great  log  jam,'  an  otcrb  or  motc-in 
extents  became  ^roaring' ftirnace;  a  X eg ular  threatening "hjelk  li  the  wind  ' 
changed,  a  single  blast  from  this  infer  npwould  wipe  us  out.)?  "  '• 
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-hundreds  of  these'  men  w.er e>badly  :burned  yet v/er.erable,~t6  suitviy,e. 
Men,  who  went  mad  tried  to  escape,  through  the  flames  and  were  "burned io 
death  only  a  few  yards  from  where  the  rest,  of  the  men  lay.  Ih  onp^in  stance,. 
"140'  men  caughf  -in  a  valley  not'SO^yards  widi  with,  sides  arising  ahoxlt  500  " 
feet  oh  an  angle  of  45  degrees-,  and  covered  with  a  thick  gxpW£h  of  limber »  and 
the  bottom s  cover ed  With  cedar  t^ee;a  that  burn  almost  Iike''%ind^j^V:--d'ur>viv^di>-' 
when  the  entire  areaburned out  dir ectly  pverthern  without  the  loss  of  a  single 
man.  Thus,  ail  "factors  considered,  the  author  gives  tke  irnpression  that  heat 
was  the  primary  hazard,  In  a  few  cases  where  some  proLecti6nfr.pm  the  heat 
was  available,  as  in  a  cave,  the  smbke  an4  fi’re  g^sei  apparently  were  suf¬ 
ficient  to  kill  a  sirikll. percentage  of  ti^  sheltered. 


Kehr.l<l6«>  des  cribes.  the;  lire  storm  ih  Hamburg  during^  World  War  II 
and  the  manner  in  which  de  ath  occurred  i  Ma,/y  '’waited  in  she  Iter  s  'until  the 
heat  and  the  obvious  danger  compelled^- rPme  immediate  action.  In  many 
cases,  they  were  xiO  longer  able  toact  by  thems elves .  They  Were  already 
unconscious  or  d e ad..  from  c arbor!  m  bnoxidp  pbis onirig *  "  Many  lost  their  lives 
attempting  escapee  through  the  .streets  when  their  clothes  caught  fire..  For 
some  that,  remained  in  the  shelters,,  the  heat  literally  destroyed  any  trace  of 
them  as  recognizable  human  beings.  People* who  were  attempting  escape  "fell 
down,  overcome  by-  the  devouring  force  of  the  heat  and  died  in  an  instant.  " 

Dead  were  found  in  the  streets  "in  every  posture,  quiet  and  peaceful  or 
cramped,  the  death  struggle  shown  in  the  expressibn  on  their  faces,  The 
shelters  showed  the  same  picture.  "  Kehrl  cites  examinations  made:  which 
concluded  that  death  of  tnany.  particulpxly  those  found  in  a  seemingly  peaceful 
state  both  in  shelters  and  in  the  streets,  was  caused  by  carbon  monoxide. 

Kehrl  also  describes  the  violent  w ind s  bf  the  firestorm  which  up rooted  and 
broke  off  trees  a  meter  in.  diameter  i  ' 

Buettner^2)  believes  that  heat  radiation  and  carbon  monoxide  in  the 
air-raid  cellars  on  the  one  hand,  and  mechanical  danger  and  heat  radiation  in 
the  streets  on  the  other,  prevented  escape  of  the  people  who  afterwards  were 
killed.  "The  victims  escaping  through  the  streets  were  surrounded  by  relatively 
cool  air,  but  were  still  within  the  radiation  area  of  large  conflagrations.  " 
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The  United  States  Strategic  Bombing  Survey  (USSBS)(349)  concluded  that  dur¬ 
ing  escape  from  overheated  sheltefs  through  burning  city  blocks,  the  injuries 
we  re  chief ly  from  radi  at  e  dhe at ..  Ibadditipn.  .Baniecki. noted  shock  as  a.lar.ge 
factor  in  causing  death  to  those  people  caught  out  in  the  streets.  Shock  was 
noted  as  the  ca*ase  of  death  in  12.  6  percent  of  all  patients  hospitalized  from 
bombed  areas. 

The  USSBS  further  concluded  that  the  majority  of  deaths  was  due  to 
carbon  monoxide  poisoning.  In  Hamburg,  Kassel,  Darmstadt,  and  Wuppertal, 
the  estimate  of  the  number  so  killed  was  fixed  as  high  as  70  percent  of  all 
deaths  by  those  interviewed  in  the  survey.  "The  greater  number  of  these 
cases  were  found  in  shelters  slumped  over  in  the  relaxed  position  which  is  an 
outward  physical  symptom  of  carbon  monoxide  poisoning.  "  The  strength  of 
evidence  for  such  conclusions  obviously  came  from  a  large  degree  as  a 
result  of  the  20,  000  to  30,  000  autopsies  estimated  by  Professor  Buechner, 
consultant  to  the  Luftwaffe,  to  have  been  performed  on  air-raid  victims. 
Baniecki(21.  22)  rep0rts  on  the  opening  of  a  shelter  in  Hamburg  some  thirty 
hours  after  the  air  raid;  the  intense  heat  prevented  an  earlier  entrance. 
Forty-three  bodies  were  found*  "They  were  seated  on  benches,  some  leaning 
back  and  some  forward  as  if  they  had  fallen  asleep.  Clothing  apparently  torn 
off  and  lying  around  led  one  to  suppose  that  the  occupants  suffered  very 
severely  from  the  heat.  "  Thirty  bodies  were  examined  and  three  were  autop- 
sied.  On  the  basis  of  chemical  blood  tests  (tannin  test,  formalin  test)  which 
indicated  the  presence  of  carbon  monoxide,  it  was  concluded  that  all  forty- 
three  occupants  of  the  air-raid  shelter  died  of  carbon  monoxide  poisoning. 

This  possibility,  that  of  carbon  monoxide  deaths  in  shelters,  seems  to  be 
strongly  supported  by  a  report  of  carboxyhemoglobiri  saturations  as  high  as 
95  percent  found  in  many  shelter  dead.  (*^0) 

Thirty- six  hours  after  the  raid,  twenty-four  bodies  were  examined 
externally  from  a  shelter  at  Barmbeck,  and  five  of  these  were  autopsied.  A 
positive  reaction  to  the  carbon  monoxide  in  tannin  and  formalin  blood  tests 
was  found. 

In  an  attempt  to  study  the  causes  of  death  to  those  persons  who  died  in 
the  streets,  Baniecki  performed  autopsies  on  four  persons.  On  the  basis  of 
results  obtained  from  these  autopsies,  it  was  concluded  that  two  died  from 
carbon  monoxide  and  two  died  from  burns. 

Baniecki  also  investigated  deaths  that  occurred  in  Bremen  after  a  large 
air  raid.  These  investigatiphs  were  particularly  aimed  at  identifying  the 
cause  of  death  of  those  people  seen  fleeing  from  their  shelters  but  who  died 
after  taking  but  a  few  steps  in  the  open.  Three  bodies  from  the  Bremen  raid 
were  autopsied  eighteen  hours  after  the  start  of  the  raid^^^.  Baniecki  deter¬ 
mined  the  carboxyhemoglobin  content  of  the  three  bodies  to  be  11,  5,  and  14 
percent.  This  was  concluded  to  be  a  sublethal  dose  of  carbon  monoxide,  and 
the  cause  of  death  was  stated  as  follows;  "To  sum  up,  there  was  found  the 
condition  of  tissues  of  the  upper  breathing  tubes  and  lungs  damaged  by  the 
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inhalation  of  hot  air.  The  interchange  of  gases  prevented  by  the  stasis  was 
aggravated  by  the  oedem a  of  the  lung s,  byhaemolysis  and  by  the  consequent 
interruption  of  the  respiratory  epithelium  of  the  lungs.  Very  soon  a  condition 
similar  to  that  of  suffocation  arose  which  caused  the  death  of  those  lying  in 
the,  street  even  before  the  full  effects  of  the  heat  were  felt.  " 

The  USSBS^3®®)  states  that  "High  temperatures  will  destroy  carbon 
monoxide  hemoglobin.  Putrefaction  will  not  destroy  carbon  monoxide  hemo¬ 
globin.  "  This  statement  further  clouds  the  issue.  Perhaps  those  victims 
autopsied  by  Baniecki,  who  had  11  or  14  percent  carboxyhemoglobin  in  the 
blood,  may  have  had  higher  blood  saturations  which  were  destroyed  by  the 

heat  which  was  determined  to  be  the  cause  of  death.  In  addition,  the  tannin 

* 

and  the  formalin  tests  used  are  only  rough  qualitative  measures  and  are  not 
quantitative  testsf27^). 

Earp's^S)  conclusions  are  in  agreement  with  Kehrls  in  that  heat 
and  carbon  monoxide  were  the  two  most  frequent  causes  of  death.  She  states, 
"In the  streets,  deaths  from  heat  effects  predominated,  whereas  in  the  shelters 
the  deaths  were  mainly  due  to  carbon  monoxide."  Earp  continues,  "Various 
estimates  have  been  made  of  the  proportion  of  the  total  deaths  due  to  carbon 
monoxide  poisoning.  Such  estimates  which  vary  from  80  percent  of  all  deaths 
(USSBS  No.  65,  page  28)(3®*)  to  20  to  30  percent  (Baniecki,  1950)  are  little 
more  than  informed  guesses  since  the  number  of  autopsies  performed  was  too 
small  for  a  reliable  estimate  to  be  made. "  Lack  of  oxygen  or  an  excess  of 
carbon  dioxide  in  the  streets  is  ruled  out  as  a  possible  cause  of  death  because 
of  the  high  rate  of  natural  ventilation. 

Earp  cites  Graeff  as  performing  fifty-five  autopsies  on  shelter  victims 
and  concluding  that  death  was  probably  due  in  thirty-four  cases  to  carbon 
monoxide  poisoning,  in  five  cases  to  the  excessive  heat  with  carbon  monoxide 
poisoning  also  a  possibility,  and  that  in  the  remaining  sixteen  cases  death 
might  have  been  due  to  either  or  both  of  these  causes.  Thus,  Graeff  concluded 
that  as  regards  deaths  in  shelters,  carbon  monoxide  is  the  dominant  factor 
and  that  this  is  followed  by  heat  exhaustion  as  the  most  frequent  cause  of 
death. 


Earp  notes  that  many  deaths  in  the  streets  were  ascribed  to  carbon 
monoxide  and  concludes  that  many  of  these  deaths  were  due  mainly  from 
receiving  a  lethal  dose  of  carbon  monoxide  in  the  shelter  from  which  they 
escaped.  This  uptake  of  carbon  monoxide  was  then  enough  to  cause  collapse 
when  the  effort  of  escape  was  made.  Earp  states,  "There  is  no  evidence  con¬ 
cerning  the  percentage  of  carbon  monoxide  present  in  the  streets,  but  it  seems 
likely  that  generally  it  was  present  in  insufficient  quantity  to  cause  death  before 
the  victim  succumbed  to  the  excessive  heat.  " 

Leutz^®3)  states,  '?The  predominant  cause  for  the  majority  of  fire 
victims,  even  in  the  open  areas  in  firestorm  areas  is  hyperthermia.  In  only  a 
few  exceptional  cases  does  carbon  monoxide  poisoning  come  into  question.  " 
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Also,  ther.e  is  evidence  to  the  effect.  thatrrrjany  shelters  were  overcrowded  by 
a  factor  of  2  or  3;  however,  no  deaths  are  reported  in  these  instances  due  to 
~the"int'erriaTheat  or  carbon  dioxide  buildup,  even  where  the  ventilation  units 
had  to  be  shut  down  because  they  were  bringing  noxious  gases  and  smoke  into 
the  shelter. 

Miller  and  Kerr(^23)  interviewed  Leutz  during  the  course  of  a  visit  to 
Germany  in  1965  and  Leutz  "emphasized  (repeatedly)  that  heat  (hyperthermia) 
effects  were  the  main  cause  of  death  in  all  the  mass  fires  in  Germany,  and 
stated  that  in  no  individual  case  could  it  be  established  that  either  lack  of 
oxygen  or  the  presence  of  carbon  dioxide  was  the  cause  of  death."  A  minor 
secondary  cause  of  death,  he  said,  "was  the  presence  of  carbon  monoxide 
(i.  e. ,  some  people  were  poisoned  by  the  gas).  "  Dr.  Leutz  was  in  Hamburg 
during  the  large  raid  of  July  1943.  The  graph  of  the  firestorm  temperature 
that  he  estimated  is  presented  in  Figure  2. 

Miller  and  Kerr  also  interviewed  Brunswig  (Fire  Chief  of  Hamburg) 
who  said  that  fire  was  the  chief  cause  of  death  and  destruction,  and  its  effects 
were  much  more  severe  than  the  blast  damage;  in  the  open,  the  hot  air  was 
the  major  cause  of  death.  In  one  case,  he  noted  (from  a  photograph  of  a  group 
of  dead  people  in  the  street)  that  death  in  the  open  occurred  at  a  distance  of 
150  meters  from  the  nearest  burning  building.  As  a  result  of  previous  pre¬ 
liminary  evaluation.  Miller  concluded  that  "the  major  out-of-door  hazard  to 
life,  in  large  fires,  is  the  exposure  to  heat  radiation  and/or  to  contact  of  the 
skin  with  the  heated  air.  " 

In  a  recent  preliminary  evaluation  of  fire  hazards  from  nuclear  detona¬ 
tions,  Miller(^2)  lists  the  major  hazards  as  heat,  carbon  monoxide  and  car¬ 
bon  dioxide  (plus  other  toxic  gases)  and  oxygen  depletion.  "The  major  out-of- 
door  hazard  to  life,  in  large  fires,  is  the  exposure  to  heat  radiation  and/or 
to  contact  of  the  skin  with  the  heated  air.  The  skin  surface  burns  resulting 
from  such  contact  are  considered  to  be  more  important  causes  of  fatalities 
than  is  the  breathing  of  hot  air.  "  Carbon  monoxide  is  recognized  as  the  "pre¬ 
dominating  toxic  gas  produced  in  fires,  "  and  it  is  suggested  that  "oxygen 
depletion  in  mass  fires  is  not  a  major  cause  of  casualties.  "  "The  major 
causes  of  death  in  sheltered  spaces  appear  to  be  related  to  the  fact  that  burning 
rubble  may  cover  unsealed  shelters  and  the  shelter's  air  intake.  The  incom¬ 
ing  air,  drawn  past  the  burning  fuel  or  the  remaining  coals,  contains  high 
concentrations  of  carbon  monoxide,  is  hot,  and  is  depleted  in  oxygen.  " 

In  a  study  of  the  effects  of  mass  fires  on  personnel  in  shelters,  Broido 
and  McMasters'^)  concluded  that  extreme  carbon  monoxide  concentrations 
are  to  be  expected  and  that  oxygen  depletion  and  high  carbon  dioxide  concentra¬ 
tions  may  also  occur.  The  effects  of  the  oxygen  and  carbon  dioxide  will  be  of 
consequence  only  if  some  steps  are  taken  to  eliminate  the  carbon  monoxide 
hazard  when  it  is  present  in  such  high  concentrations. 
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Reports  by  Yuill  and  Bieberdorf(  385),  z app(  386),  Pufour(95), 
ClaTudyV4)t  and  Easton(99>  100)  lean  strongly  toward  carbon  monoxide  as 
--  h_az a rd ;  however -the  contributing  effect  of  a  host  of  other  noxious 

gases  and  smoke  in  the  presence  of  heat  is  re.cogni7,ed  as  possibly  being  the 
cause  of  a  significant  synergism  resulting  in  rapid  death. 

After  the  presentation  of  such  a  list  of  opinions,  a  conclusion  is  in 
order.  It  does  appear  that  there  is  a  strong  opinion  held  by  most  investiga¬ 
tors  of  the  mass  fire  life  hazard  that  the  primary  hazard  to  those  in  the  open 
is  heat.  Pearse(265)  notes  that  90  percent  of  the  Japanese  who  sought  aid 
in  the  first  week  after  the  atomic  bombing  did  so  because  of  thermal  burns. 


Source:  See  Ref.  (288) 


FIGURE  22.  QUALITATIVE  TIME  BEHAVIOR  OF  FIRESTORMS 


Figure  22  is  an  estimate  of  a  firestorm  intensity;  a  conflagration  is,  of  course, 
much  shorter!  The  fact  that  other  hazards  are  present  and  may  frequently 

J  aPPear  as  the  primary  cause  of  death  is  recognized.  The  combined  effect  ha.s 
>'  .  0  been  considered;  however,  the  state-of-the-art  has  been  such  that  defini¬ 
tive  relationships  are  unknown.  Gaps  in  the  knowledge  of  both  the  effects  of 
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c  omb  ination  s  of  he  at ,  noxious  gases  and  smoke  and.al  s  oqfbriefexpo  s  u  re  s-toh  i  gh  con 
centrations  of  each  have  led  past  investigators  to  the  conclusion  that  the  most  toxic, 
hazard^presentistheprimarycauseofdeathwithoutcottsideringotherpbssibilifies . 


There  also  appears  to  be  considerable  agreement  as  to  the  cause  of 
death  in  shelters,  and  this  agreement  can  easily  be  appreciated  when  the 
investigations  are  examined  in  terms  of  the  exposure  conditions.  The  chief 
hazard  in  unsealed  shelters  is  the  exposure  to  rubble  collecting  over  the  exits 
and  ventilation  ports  causing  heat,  carbon  monoxide,  and  other  fire  gases  to 
enter;  if  the  shelter  is  closed  and  protected  from  this  rubble,  the  chief  hazard 
is  the  exposure  to  the  enduring  heat  of  the  mass  fire  environment  which  exists 
around  the  closed  shelter.  "Casualties  in  shelters  (from  air  raids  and  result¬ 
ing  fires)  were  principally  confined  to  apartment  building  shelters  where  per¬ 
sonnel  were  often  trapped  by  collapse  or  fire.  "(98) 

The  two  exceptions  to  these  conclusions  are  noted  by  Leutz  who  disre¬ 
gards  the  hazard  of  carbon  monoxide  and  Magnus  who  states  that  most  of  the 
people  who  died  in  the  bunkers  in  a  Mannheim  raid  of  1943  died  because  of 
lack  of  oxygen(^3). 

There  has  been  considerable  interest  in  the  medical  profession  in 
defining  the  exact  cause  of  the  deaths  ascribed  to  hyperthermia.  While  there 
is  general  agreement  among  the  investigators  on  the  nature  of  the  physio¬ 
logical  response  to  heat,  there  is  also  a  deeper  searching  for  a  better  defini¬ 
tion  of  the  cause  of  death  of  "hyperthermia.  " 

The  Cocoanut  Grove  disaster  is  probably  the  best  example  of  fire 
deaths  offering  a  puzzle  to  the  medical  profession.  Two  of  the  principal 
investigators  of  this  incident,  Phillips  of  the  Massachusetts  General 
Hospital  and  Finland  of  the  Boston  City  Hospital  have  recognized  respiratory 
tract  injury  as  the  primary  cause  of  death  in  burned  patients.  This  respira¬ 
tory  tract  injury  '  >  ascribed  by  both  investigators  to  the  inhalation  of  the 
products  of  combustion.  In  another  study, Phillip s(^ "7 rep0rts  that  181 
patients  culled  from  the  records  of  932  burned  patients  were  investigated,  and, 
in  150  of  these  cases,  the  difficulties  are  attributed  to  damage  to  the  respiratory 
tract  resulting  from  the  inhalation  of  noxious  products  of  incomplete  combus¬ 
tion.  The  importance  of  this  factor  as  a  cause  of  death  in  the  World  War  II 
mass  fires  is  not  known  and  may  not  have  been  fully  considered. 

Several  investigators  have  undertaken  experimental  studies  to  deter¬ 
mine  the  relative  importance  of  some  of  the  variables  in  an  attempt  to  define: 

(1)  those  of  most  importance,  and  (2)  their  relation  to  each  other.  The  work 
by  Zapp(^®^),  previously  mentioned,  was  specifically  designed  to  this  end.  As 
a  result  of  this  work,  Zapp  concluded  that  the  most  important  lethal  factors  in 
conflagrations  under  conditions  of  poor  ventilation  jare  oxygen  deficiency, 
carbon  monoxide,  and  heat,  all  of  which  contribute  to  anoxia.  Under  conditions 
of  good  ventilation,  heat  would  be  the  dominant  factor.  Thus,  for  a  given 
quantity  of  fuel,  the  chances  for  survival  would  be  better  under  conditions  of 
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good  ventilation.  Zapp  concluded  that  it  did  not  seem  necessary  to  postulate 
the  presence  of  other  toxic  gases  such  as  nitr.ous  fumesr  phosgene,  hydrogen 
cyanide,  hydrogen  sulfide  (although  these  may  be  present  and  significant  in 
special  circumstances)  in  order  to  account  for  the  death  of  casualties  in  coot 
flagrations  where  skin  burns  are, present,  or  appear  to  be  of  minor  importance. 

Finland^  comes  to  a  similar  conclusion  from  his  studies  of  the 
Cocoanut  Grove  disaster  victims  by  virtue  Of  the  fact  that  there  appeared  to 
be  no  correlation  between  the  location  where  the  persons  were  found  and  the 
amount  of  respiratory  injury  sustained.  Thus,  it  was  concluded  that  the 
respiratory  irritant  was  directly  related  to  the  heat  and  flames  of  the  fire  as 
opposed  to  any  specific  irritant  independent  of  the  usual  products  of  combus¬ 
tion. 


The  problem  of  defining  the  cause  of  death  in  fire  victims  is  well 
pointed  up  by  the  ad  hoc  panel  of  the  Committee  of  Pathology  of  the  National 
Research  Council.  After  studying  forty- one  autopsies  conducted  on  fire 
victims,  the  panel  concluded  that  respiratory  tract  damage  can  be  and  has 
been  overlooked  at  autopsy  as  a  result  of  the  lack  of  systematic  examination 
of  the  entire  respiratory  tract. 

There  appear  to  be  two  distinctly  different  life  hazard  situations  in 
mass  fires— -one  in  the  open  and  the  other  in  enclosed  spaces.  Review  of 
the  literature  indicates  heat  as  the  primary  cause  of  death  in  the  open.  While 
there  was  not  complete  agreement,  the  majority  of  opinion  appears  to  be  that 
carbon  monoxide  is  the  primary  cause  of  death  in  closed  spaces.  In  each  case, 
the  presence  of  the  other  factors  plus  the  hazard  of  noxious  gases  and  smoke 
is  recognized,  but  their  significance  has  not  been  established. 

There  is  one  further  distinction  that  must  be  made  regarding  deaths 
in  closed  spaces  in  World  War  II,  and  that  is,  these  deaths  occurred  only  in 
those  spaces  which  were  directly  exposed  to  burning  structures,  high  concen¬ 
trations  of  combustion  products,  and  the  latent  heat  from  burning  or  smoldering 
rubble.  In  the  latter  case,  heat  also  is  suspected  of  being  the  primary  cause 
of  death.  Medical  research  indicates  that  the  primary  cause  of  death  in  burn 
patients  in  closed  spaces  is  respiratory  tract  injury,  and  this  is  suspected  to 
be  caused  by  the  inhalation  of  noxious  gases,  smoke  and  heat.  Carbon  monox¬ 
ide  and  reduced  oxygen  have  never  been  recognized  as  the  cause  of  any  altera¬ 
tion  in  the  respiratory  mucosa. 

The  importance  of  synergistic  effects  has  been  recognized,  and  pre¬ 
liminary  tests  have  shown  its  significance.  A  true  definition  of  the  mass  fire 
life  hazard  requires  a  complete  understanding  of  the  combined  action  of  the 
principal  elements  in  the  combustion  products  from  building  fires. 

Until  such  time  as  the  exact  nature  of  mass  fires  (conflagrations,  fire¬ 
storms)  is  understood  or  better  defined,  the  nature  and  effects  of  the  various 
combinations  of  combustion  products  therein  can  only  be  conjectured. 


VI.  FACTORS  AFFECTING-SURVIVAL  IN  MASS  FIRES 


A  definition  of  the  mass  fire  life  hazard  involves  three  factors:  (1)  the 
mass -fire  environment,  (2)  the  survival  limits  of  man,  and  (3)  the  protective 
ability  of  any  chosen  shelter.  In  previous  sections  of  this  report,  the  mass 
fire  environment  and  the  life -safety  limits  of  man  have  been  discussed.  In 
this  section,  Jthe  factors  affecting  survival  in  mass  fires  will  be  considered. 

The  present  OCD  program  involves  the  provision  of  fallout  shelters, 
and,  to  this  end,  surveys  have  been  conducted  to  choose  buildings  with  the  neces¬ 
sary  protection  factor,  selecting  the  areas  within  these  structures  to  be  occu¬ 
pied  for  periods  up  to  two  weeks,  and  stocking  them  with  the  necessary 
supplies. (254,  255}  These  shelters  are  located  primarily  in  the  centers  of 
large  urban  areas.  In  the  event  of  an  attack,  it  is  obvious  that  many  people 
will  be  forced  to  seek  refuge  wherever  possible.  Some  will  be  in  designated 
shelters,  both  above  and  below  ground.  Others  will  be  in  homes,  basements, 
vehicles,  commercial  buildings,  apartment  buildings,  public  buildings,  sub¬ 
ways,  and  some  may  be  caught  in  the  open. 

With  the  information  known  to  date,  it  is  impossible  to  predict  the 
mass  fire  life  hazard  in  any  one  of  these  situations  other  than  to  foresee  high 
mortality  in  some  structures  which  are  completely  burned  out  and  relative 
safety  in  others.  Nevertheless,  this  discussion  is  still  worthwhile  if  for  no 
other  reason  than  to  recognize  the  types  of  situations  that  may  be  anticipated. 
Some  of  these  are  as  follows: 


Conflagration  -  No  Fallout.  There  have  been  many  peacetime  conflagrations 
in  history,  anda  brief  review  of  these  reveals  that  life  safety  is  periled 
but  not  seriously  endangered.  Chandler*  et  al.(68,  69)t  reporting  on 
fire  spread  in  urban  conflagrations  estimated  their  speed  at  from 
0.014  mph  to  4.  536  mph.  The  average  speed  of  twenty-two  reported 
fires  was  0.  134  mph.  Such  fires  cause  a  great  deal  of  confusion 
ahead  of  them;  however,  there  does  not  appear  to  be  any  great  diffi¬ 
culty  in  escaping  their  path.  The  loss  of  life  in  conflagrations  has 
occurred  in  those  instances  where  people  have  been  trapped  by: 

(1)  failing  debris  as  in  an  earthquake,  or  (2)  encircling  fires  which 
have  sprung  up  from  a  number  of  separate  ignitions  such  as  in  large 
forest  fires  set  by  lightning  strikes  over  a  large  area. 

It  is  noteworthy  that  conflagrations  have  occurred  which  burned  their 
way  through  populated  areas  without  the  loss  of  a  single  life.;  The 
Los  Angeles  fire  of  1961,  which  burned  its  way  through  513  homes 
and  24  buildings,  covered  an  area  of  6090  acres  and  had  a  perimeter 
of  19.  6  miles.  No -one  was  killed. .("374)-  jn  1923*.  a  grass  fire  swept 
into  Berkeley,  California  and  burned  640  buildings  over  an  area  of 
130  acres  without  the  loss  of  a  single  'life.- ( 239)  .These  fires  are  not 
expected  to  be  typical  of  those  to  be  encountered  in  war ,  The  fires 
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started  by  either  a  thermonuclear  weapon  or  incendiary  bombs  will  be 
numerous,  and,  if  a  single  mass  fire  approaching  or  equaling  a  firestorm 
is  not  developed,  a  series  of  conflagrations  may  be  expe cted,  Such  a 
fire  would  then  threaten  the  populace  by  cutting  off  escape  routes  much 

the  same  as  in  the  Tokyo  fire  of  1923(59)  or  the  San  Francisco  fire  of 
l906o(166,  234,  333,  340) 

The  loss  of  life  under  such  circumstances  would  depend  greatly  upon 
the  people's  actions.  If  escape  were  attempted,  some  deaths  probably 
would  occur  in  the  open  if  people  become  trapped  between  fires.  If 
the  populace  took  shelter  and  made  no  attempt  to  escape,  the  survival 
rate  would  depend  largely  upon  the  adequacy  of  the  shelters.  The 
majority  of  people  in  Hamburg  did  not  seek  escape  because:  (1)  they 
had  confidence  in  their  fire-fighting  forces  who  had  successfully  con¬ 
trolled  the  fires  from  previous  raids,  and  (2)  the  constant  stream  of 
high  explosive  bombs  kept  them  under  cover. (22 3) 

Where  the  building  density  is  40  to  60  percent  and  higher,  the  loss  of 
life  is  expected  to  be  high.(^®»  The  separation  distances  will  be 

smaller,  and  the  outside  exposure  conditions  of  heat,  carbon  monoxide, 
smoke  and  noxious  gases  would  be  more  severe. 

Conflagration  -  Fallout.  The  fear  of  fallout  would  tend  to  inhibit  those 
wanting  to  escape  through  the  streets  and  thus  increase  the  population 
of  shelters.  In  the  case  of  a  conflagration -with  fallout,  some  will  be 
in  shelters  attempting  to  wait  it  out.  and  some  may  still  attempt  to 
escape  or  perhaps  seek  a  different  shelter  area.  Those  that  seek 
shelter  and  stay  there  again  will  survive  in  direct  relation  to  the 
shelter's  capacity  to  protect  from  the  mass  fire  environment.  In  this 
case,  the  nature  of  the  fire  may  not  be  of  much  concern,  for  whether  it 
is  a  conflagration  or  a  firestorm  may  be  academic,  i.  e.,  being  in  the 
middle  of  either  one  may  be  essentially  the  same. 

Firestorm  r.  No  Fallout.  Where  a  firestorm  develops  with  no  fallout, 
the  populace  is  in  much  the  same  situation  as  those  in  Hamburg.  If 
escape  is  elected,  the  success  depends  on  the  distance  to  the  edge  of 
the  firestorm,  speed  of  the  escapee,  and  the  rate  of  development  of 
the  firestorm.  If  shelter  is  chosen,  then  the  situation  is  similar  to  the 
conflagration;  u  e* ,  survival  now  depends  on  the  shelter's  ability  to 
protect  the  occupants  from  the  mass  fire  environment. 

Firestorm  -  Fallout.,  In  this  case,  the  population,  if  warned- and 
khowledgeable>  will  attempt:  to  seek  permanent  shelter  for  the  duration 
of  the  fire  and  unsafe  period  of  fallout.  If  the  weapon  is  exploded  at 
low  altitude  so  that  the  fireball  does  touchthe  earth,  the  fallout  may 
not  arrive  immediately,  thus  allowing  escape  from  the  firestorm  area. 
Once  escape  from  the  firestorm  area  is  accomplished,  protection 
from  the  fallout  must  then  be  found  for  those  in  its  path. 
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-  -Ai.  Type  s  of  Shelter s  J 

. .  '  _  __  _  _  __  _  ; _ L 

In  each  of  the  situations  listed  in  the  previous  paragraphs,,  people  will 
be  seeking  shelter  in  all  types  of  structures,  and  each  must  be  considered  for 
its  capabilities  in  each  of  the  situations.  A  review  of  designated  aid  stocked 
shelters  by  Varley  and  Maatmanl^57)  indicates  that  fire-resistive  construction 
is  prevalent,  not  all  floor  openings  are  protected,  average  occupancy  is  of  a 
commercial  or  public  nature,  most  designated  and  stocked  shelters  are  below 
ground,  and  most  of  the  sheltered  population  will  by  necessity  be  in  above- 
ground  areas.  Considering  these  shelters  in  terms  of  fire  vulnerability,  it 
was  found  that  each  could  be  considered  in  terms  of  the  following: 

"1.  Fire  would  be  contained  within  the  floor  of  origin  in  fire  resistive 
structures  in  several  occupancy  groupings.  Schools,  churches, 
offices,  banks,  residentials,  and  telephone  exchanges  would 
resist  fire  spread  either  when  a  good  degree  of  subdivision  exists 
within  each  floor,  or  when  all  floor  to  floor  openings  are  protected. 
Manufacturing  buildings  with  low  combustible  loading  (1-3  pounds  < 

per  square  foot),  and  those  with  moderate  loading  having  protected 
floor  openings  would  also  resist  the  spread  of  fire. 

* 

"2.  Well- subdivided  structures  capable  of  preventing  fire  spread  away 
from  the  floor  of  origin  would  require  only  minimum  efforts  by 
occupants  to  prevent  smoke  and  toxic  gases  from  reaching  dan-  * 

>gerous  levels.  When  such  structural  characteristics  are  lacking, 
special  equipment  and  materials  must  be  employed  by  occupants 
to  effectively  minimize  the  spread  of  smoke  and  toxic  gases.  ; 

"3.  Approximately  two -thirds  of  the  surveyed  buildings  in  'downtown' 
areas  and  one-third  of  those  in  exclusively  residential  areas  were 
exposed; to  ignition  from  nearby  burning  structures.  Approxi¬ 
mately  one-half  of  all  buildings  exposed  to  ignition  from  adjacent 
buildings  could  be  exposed  on  more  than  one  side. 

"4.  With  few  exceptions,  fire  suppression  by  shelter  occupants  could 

be  effectively  accomplished  with  sufficient  portable  extinguishers.  .; 

Properly  supplied  standpipe  and  hose  or  automatic  sprinkler  * 

systems  will  control  fire  in  those  exceptional  occupancies  where 
rapid. fire  buildup  is  characteristic;  or  where  access  to  combusti¬ 
bles  is  prevented  by  considerable  bulk  storage  or  concealed  com¬ 
bustible  building  construction. 

"5.  The  contribution  of  shelter  stock  to  the  peacetime  fire  severity 
of  shelter  buildings  is  significant  only  when  storage  of  the  com¬ 
bustible  portion  of  these  supplies  exceeds  100  square  feet  of 
floor  area  and  when  the  normal-occupancy  fire  loading  is  rela¬ 
tively  light,  Such  conditions  occur  when  stocks  for  large  shelter 
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areas  located  on  several  above-ground  floors  are  stored  in  one 
location.  In  most  cases,  combustible  shelter  supplies  will  occupy 

_ le as  than  lOO  square  feet  when  the  shelter  area  and  it s  supplie  s 

are  located  on  the  same  floor.  " 

The  fire  suppression efforts  by  self-help  teams  were  developed  in  a 
previous  report  by  Vodvarka  and  Waterman.  (361)  this  analysis,  the 
authors  concluded  that  an  ignition  in  the  shelter  building  could  be  satisfac¬ 
torily  controlled  through  containment  of  fire  in  a  portion  of  the  building  by 
means  of  structural  fire  resistance  or  through  rapid  discovery  and  extihguis- 
ment  by  shelter  occupants.  This  reliance  on  fire  extinguishment  will,  it  is 
said(357)t 

give  favorable  results  when  occupants  are  adequately  organized, 
equipped,  and  trained  for  fire  fighting  and  where  these  activities  are  not 
curtailed  by  nuclear  radiation.  The  order  of  preference  is  given  below 
using  shelter  building  categories  developed  in  the  previous  analyses  by 
Vodvarka  and  Waterman(3ol). 

(la)  Fire  Limiting  -  No  combustibles  outside  shelter  areas. 

(lb)  Fire  Limiting  -  Fire  gases  controllable  without  special  means. 

(lc)  Fire  Limiting  -  Fire  gases  controlled  with  special  means. 

(2)  Suppression  Dependent 

(3a)  Untenable  -  Fire  not  controllable  with  portable  extinguishers. 

(3b)  Untenable  -  Problem  other  than  extinguishment. 

Further  definition  of  these  categories  is  as  follows: 

(1)  Fire  Limiting 

Fire  limiting  buildings  are  those  in  which  fully  developed 
fires  originating  outside  shelter  floors  will  not  progress  to  the 
shelter.  The  analysis  indicates  that  shelter  buildings  resisting 
the  spread  of  direct  fires  would  mainly  include  those  used  as 
schools,  churches,  offices,  banks,  residential  types,  telephone 
exchanges,  and  manufacturers  with  low  combustible  contents 
loading.  A  method  for  selection  of  fire  limiting  buildings  is 
presented  by  the  authors. 

As  the  resistance  to  direct  spread  of  fire  does  not  preclude 
possible  spread  of  smoke  and  toxic  gases,  this  characteristic 
of  fire  limiting  buildings  must  be  determined  separately. 
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This  intermediate  fire  vulnerability  level  denotes  those  instances 
where  fire  spread  cannot  be  adequately  resisted  by  the  building, 
but  it  is  possible  to  extinguish  incipient  fires  using  portable 
extinguishers.  This  level  includes  all  buildings  not  specifically 
falling  in  either  of  the  other  two  categories  [(1)  and  (3)]  . 

(3)  Untenable 

This  fire  vulnerability  level  consists  of  buildings  where  extin-  , 
guishment  of  fire  using  portable  equipment  is  considered 
unfeasible  due  to  excessively  rapid  fire  buildup,  or  concealed 
or  inaccessible  combustibles.  Identification  of  buildings  having 
these  characteristics  can  be  made  from  the  following  illustra¬ 
tive  situations: 


(a)  Buildings  where  explosive  vapors  or  dusts  may  be  present, 
such  as  automobile  garages  and  certain  types  of  industrial 
occupancies. 

(b)  Buildings  with  significant  accumulations  of  wood  scraps, 
paper,  and  textiles. 

(c)  Buildings  having  combustible  stock  piles  and/or  without 
adequate  aisle  space  between  adjacent  piles. 

(d)  All  buildings  of  masonry  and  wood  frame  constructions,, 

as  in  these  structures  concealed  and  inaccessible  combusti¬ 
ble  predominate.  (361) 


Self-Help  and  Shelter  Integrity 


The  effectiveness  of  self-help  fire  suppression  efforts  is  seriously 
questioned  by  Degenkolb(  87)  who  believes  that  in  the  event  of  a  nuclear  attack 
where  blast  and  fire  are  factors,  shelterees  would  not  be  able  to  move  through 
the  buildings  in  time  to  control  or  extinguish  all  incipient  fires  before  it 
became  necessary  for  them  to  return  to  the  shelter  to  avoid  radioactive  fall¬ 
out.  Degenkolb  also  contends  "that  there  are  practically  no  buildings  of  the 
'fire -limiting  type. '  Present  day  building  construction,  with  its  extensive 
use  of  glass,  inadequate  protection  of  vertical  shafts,  dependence  on  sprink-^ 
lers  (which  would  no  longer  be  operable),  and  the  combustibility  of  contents, 
makes  the  possibility  of  any  established  fire  being  confined  to  the  floor  of 
origin  quite  remote.  " 

Many  examples  could  be  cited  of  peacetime  building  fires  where 
an  entire  floor  of  a  fire-resistive  building  has  been  gutted  without  serious 
damage  to  adjoining  floors.  Whether  nonprofessional  fire- fighters  with  first 
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aid  equipment  would  be  equally  successful  is  a  moot  point.  The  lesser  damage 
by  fire  in  fierlin  than  in  Hamburg  is  attributedbyBond^-'tobetter  fire 
separations.  If  burning  rubble  is  a  factor,  it  must  be  remembered  that  fire 
iiplfaticms  in  fire -resistive  buildings  are  for  from  I  to  4  hr  only. 

Other  examples  could  be  cited  of  fires  spreading  through  inade¬ 
quately  protected  vertical  openings 
windows  in  fire -resistive  buildings. 

Generally  speaking,  the  fire-resistive  structures  with  good  fire 
divisions,  fire  doors,  and  protected  vertical  openings  are  expected  to  provide 
a  considerable  amount  of  protection.  The  degree  of  this  protection  may  be 
directly  related  to  the  density  of  ignitions  throughout  the  structure  and  the 
density  of  fuel  in  relation  to  shelter  location. 

2.  Typical  Designated  Shelters 

An  inspection  of  designated  civil  defense  shelters  in  buildings 
in  one  city  indicated  that  many  of  these  structures  are  not  of  the  best  fire- 
resistive  type;  i.  e.,  many  are  of  noncombustible  construction  but  do  not  have 
interior  cutoffs,  fire  doors,  low  fire  loading,  protected  vertical  openings, 
and  other  such  features  that  exist  in  a  well  designed  fire-resistive  building. 
The  shelter  areas,  it  should  be  noted,  are  chosen  primarily  for  fallout  pro¬ 
tection  rather  than  for  protection  from  mass  fire. (255,  256,  258) 

a.  Internal  Exposure  to  Combustion  Products 

Withinthese  structures,  it  is  not  necessary  to  have  a 
raging  fire  to  menace  the  shelterees.  The  production  of  smoke,  noxious  gases 
or  heat  elsewhere  in  the  structure  may  place  their  life  in  jeopardy.  Opera¬ 
tion  School  Burning,  conducted  by  the  Los  Angeles  Fire  Department^  195,  196) 
tests  on  smoke  invasion  by  Fackler;(  108)  and  reports  of  the  Cleveland  Clinic 
and  Hartford  Hospital  Fires^^l)  bear  witness  to  the  effects  of  the  travel  of 
combustion  products  throughout  a  building. 

Experimental  fires  by  Bruce(^)  developed  internal  build¬ 
ing  pressures  of  0.03  in.  of  water.  Countryman( 82)  found  positive  pressures 
in  the  center  of  three  fires  and  concluded  from  his  data  that  the  increase  in 
pressure  might  be  greater  than  0.05  in.  of  mercury.  These  pressures 
developed  by  the  fire  itself  are  capable  of  forcing  the  combustion  products 
into  areas  of  the  building  remote  from  the  fire. 


tnd  from  floor  to  floor  by  way  of  outside 
12,  220,  246) 


Likewise,  it  would  appear  that  maintenance  of  a  positive 
pressure  within  the  shelter  area  might  effectively  keep  out  the  noxious  fumes. 
Preliminary  experimental  work  would  appear  to  support  this  theory.  (31 3) 
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The  heat  released  by  a  comparatively  small  fire,  in  a 
shelter  may  be  a  serious  factor.  Johnson  and  RamskillO®?)  have  calculated 
the  temperature,  rise  in  a  6500-cu  ft  shelte r  due  to  the  heat  release  from  a 
small  fire.  Their  data  are  shown  in  Table  17. 
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TABLE  17.  HEAT  RELEASE  FROM  A  SMALL  FIRE 
IN  A  6500-CU  FT  SHELTER 


Fuel  Consumed,  gm 
Cellulose  Hydrocarbon 

Heat  Released, 

K  Cal 

Adiabatic  Temperature 
Rise,  °C 

460 

230 

2300 

42 

920 

460 

4600 

84 

1840 

920 

9200 

168 

These  calculations  assume  no  heat  loss  to  the  walls  or 
equipment,  nevertheless? they  must  be  considered  carefully  in  regard  to  the 
life-safety  hazard  presented. 

b.  External  Exposure  to  Combustion  Products 

In  addition  to  the  hazard  from  combustion  products  gener¬ 
ated  within  a  burning  building,  there  also  exists  the  hazard  of  combustion 
products  entering  a  building  from  the  outside;  i.  e. ,  through  open  or  broken 
windows*  doors,  ventilatorAshafts,  or  air-conditioning  ducts.  This  situatitwk 
posbs  the:  greatest  threat  to  those  areas  in  buildings  on  the  above-ground 
floors  which  ate  exposed  tdtfhe  mass  fire  environment  through  plain  glass  ':  ” 
windows.  Many  of  these  areas  have  even  been  designated  as  shelters  by 
OCD  on  a  square  footage  basis  :(i.e.,  10  sq  ft/person).  Adequate  ventilation 
is  said  to  be  provided  by  openirig  the  windows. 

These  areas  will  be  subjected  to  overpressures  from  a 
nuclear  weapon,  andthe  glass  may  be  broken.  Occupants  of  these  areas  will 
then  be  exposed  to  firebrands,  heat,  smoke  and  noxious  gases.  Upward 
spread  of  fire  from  lower  floors  might  produce  the  same  results. 

3.  Nondesignated  Shelters 

In  the  present  situation,  it  is  obvious  that  the  designated  shelter 
spaces  are  not  adequate  to  protect  the  surrounding  population  from  other  than 
fallout  (which  is  their  prime  function),  and  many  will  seek  shelter  in  all  types 
j  of  buildings.  The  majority  of  these  structures  will  be  of  the  suppression 
dependent  and  untenable  type.  In  this  case,  the  shelterees  will  be  exposed 
:  to  all  the  hazards  previously  mentioned  in  addition  to  those  that  such  struc- 

;  tures  present.  It  is  doubtful  that  such  structures  will  provide  any  reasonable 
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degree  of  protection ;t'6  shelterees  in  the  midst  of  a  mass  fire  environment. 

The  ^nly  possibiKty  for  safety  would'  be  in  an  area  of  such  a  building  where  the 
construction  would  provide  a  vault  or  a  fire-resistive  section,  within  which. 
ffr~ot^ctibn  from  the  fire  would  be  afforded.  In  such  a  case,  smoldering  debris 
would  be  of  major  concern  where  it  might  block  an  exit,  cut  off  ventilation,  or 
cause  an  increase  in  temperature  within  the  shelter. 

B.  German  Shelter  Experience 

It  is  estimated  that  about  40,  000  of  the  280,  000  people  in  the  Hamburg 
firestorm  area  were  killed. (98)  Considering  the  violence  of  a  mass  fire,  it 
is  remarkable  that  some  240,  000  people  survived  a  hazard  which  was  never 
expected  or  even  realized  by  most  people. 

There  were  four  main  types  of  shelters  in  Hamburg  described  as 
bunkers*  splinterproof  shelters,  public  cellar  shelters,  and  private  basement 
shelters.  Survival  in  the  bunkers  and  splinterproof  shelters  was  high;  in 
fact,  Earp  reports  that  all  those  sheltered  in  these  types  were  unharmed  (the 
U.  S.  Strategic  Bombing  Survey  Reports(349,  352)  and  the  Hamburg  Police 
President's  Report^^’  185)  are  c^ed  as  evidence). 

Regarding  the  basement  shelters,  both  private  and  public,  Earp  states: 

"No  estimate  is  made  in  the  various  reports  of  the  proportion  of  peo¬ 
ple  who  survived  the  raids  in  these  shelters  and  were  able  to  get  out 
by  their  own  efforts  when  the  raids  ceased.  On  reading  the  descrip¬ 
tions,  perhaps  somewhat  highly  coloured,  of  conditions  in  these  shel¬ 
ters  one  is  left  with  the  impression  of  a  very  high  proportion  of 
casualties.  However,  since  it  is  estimated  .  .  .  that  there  were  in  the 
Hamburg  fire-storm  area  some  227,  000  people  in  communal  or  private 
cellar  shelters^  of  whom  about  40,  000  were  killed,  over  80  percent  of 
the  cellar  shelterees  must  haVe  been  saved  either  through  remaining 
in  the  shelters  throughout  the  raid  or  by  escaping  to  some  safer  place 
while  there  was  yet  time.  "(98) 

The  U.  S.  Strategic  Bombing  Survey^^  states: 

"Casualties  in  shelters  (from  air  raids  and  resulting  fires)  were 
principally  confined  to  apartment  bu  lding  shelters  where  personnel 
were  often  trapped  by  collapse  or  fire.  " 

This  agrees  with  Earp's  statement  and  indicates  that  the  majority  of  deaths 
in  Hamburg  occurred  in  basement  shelters  under  buildings  which  burned  and 
collapsed. 

Appendix  19  of  the  Police  President's  Report(*k5)  contains  brief 
information  on  thirty-three  shelters  in  the  Hamburg  area.  The  appendix 
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contains  a  description  of  each  shelter  and  the  fate  of  those  who  took  shelter 
within?  Nineteen  of  rthese  shelters  were  identifiable  by  the  present  authors 
and  have  been  plotted  on  a  map  of  the  Hambu  rg  fire  storm  areas  for  the.pur.pose 
of  discussion.  See  Table  18  and  Figure  23. 

Of  the  nineteen  shelters  plotted,  nine  (possibly  eleven)  are  within  the 
firestorm  area  reported  by  Bond^O)^  five  are  within  the  area  reported  by  the 
USSBS^®*),  and  three  are  in  the  firestorm  area  reported  by  the  Police  Presi¬ 
dent  Kehrl(^64).  Deaths  are  reported  in  nine  of  the  thirty-three  shelters;  in 
six  cases,  the  cause  is  concrete  loosened  by  concussion  or  the  direct  hit  of  a 
high  explosive  bomb;  and,  in  three  cases,  the  cause  of  death  is  reported  as 
the  result  of  fire.  Seven  of  these  nine  shelters  have  been  plotted*  and  it 
should  be  noted  that  all  three  shelters  with  fire  deaths  (Nos.  9,  10,  and  11) 
are  definitely  not  located  within  the  fire  zones  (those  marked  by  a  A  could  not 
be  located  precisely,  although  they  are  on  the  correct  street).  It  is  possible 
that  the  three  shelters  with  fire  deaths  could  all  be  located  within  the  fire¬ 
storm  areas  reported  by  both  Bond  and  the  USSBS,  for  there  is  an  overlap 
which  could  possibly  satisfy  the  adresses  of  all  three  shelters.  Two  of  the 
six  shelters  reported  as  having  deaths  due  to  falling  concrete  (Nos.  24  and  28) 
are  located  within  the  area  noted  by  both  Bond  and  USSBS  and  are  reported  as 
having  two  occupants  killed  in  one  and  three  in  the  other.  Shelter  No.  20, 
also  one  of  the  six  reported  as  having  deaths  due  to  falling  concrete,  is  located 
within  an  area  noted  by  both  Bond  and  the  Police  President  Kehrl  as  a  fire¬ 
storm  area,  Three  shelters  reported  by  both  references  in  the  firestorm 
area  had  no- deaths  or  injuries  (Nos.  12,  19  and  26). 

Of  the  reported  shelters,  ten  are  classed  as  splinterproof  types, 
seven  as  bunkers,  six  as  private,  and  nine  as  public  shelters.  The  fire 
deaths  all  occurred  in  public  shelters.  This  loosely  agrees  with  Earp's  con¬ 
clusions  that  no  fire  deaths  occurred  in  bunkers  or  splinterproof  shelters. 

The  fact  that  no  deaths  are  reported  by  fire  in  nine  of  the  twelve  shelters  in 
the  firestorm  areas  reported  by  Bond,  USSBS,  and  Police  President  Kehrl  is 
evidence  of  the  survival  possibilities. 

Appendix  19  of  the  Hamburg  Police  President's  Report(^5)  cites 
several  shelter  incidents  where  fire  bombs  completely  destroyed  a  building 
directly  over  a  shelter  and  the  occupants  were  safely  protected.  Such  cases 
are  reported  in  private  shelters  as  well  as  bunkers  (see  Table  18). 

It  has  been  estimated^ 8)  that  the  survival  of  240,  000  people  (out  o;t 
280,  000  estimated  to  be  present)  in  the  Hamburg  firestorm  area  "might  be 
accounted  for  as  follows  (see  also  discussion  on  page  109); 

Rescued  by  Police,  Medical,  Rescue  and  Armed  Forces  30,  000 

Rescued  by  Fire  and  Decontamination  Services  15,  000 

Survived  in  nonbasement  shelters  (100  percent 

of  occupants)  53,  000 

Survived  in  basement  shelters  or  escaped  by  their 

own  initiative  142,  000 

240,  000" 
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TABLE  18.  SHELTERS  LOCATED  WIT 


_ In.Fi  r-estor.mAr.e  a. _ _ 

Shelter  Number  Bondi j£)  USSBS(346)  Kehrll  ^4) 

Private  Air-Raid  Shelters 

1 

2 

3 

4 


Deaths/.Qccupants!l£5) 


Fire 


0 

0 

0 

0 


Falling  Concrete 


0 

0 

0 

0 


m 


Public  Air-Raid  Shelters 


5 

6 

7 

8 

9 

10 
11 
12 


? 

? 

X 

X 


? 

? 

? 

X 


Special  Underground  Splinterproof  Buildings 


17 

X 

18 

X 

19 

X 

20 

X 

21 

22 

Special  Partially  Underground  Splinterproof  Buildings 

23 

24  X  X 

Special  Aboveground  Splinterproof  Buildings 

25 

26  X  X 

Bombproof  Surface  Shelters 

27 

28  X  X 

Reinforced  Concrete  Shelters 

29 

30 


X 


X 

X 


0 

0 

0 

0 

15/65 

67/97 

23/53 

0 


0 

0 

0 

0 

0 

0 


0 

0 


0 

0 


0 

0 


0 

0 


0 

0 

0 

0 

0 

0 

0 

0 


1/52 

0 

0 

12/150 

0 

0 


1/300 

3/3 


23/35 

0 


0 

2 


6 
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WITHIN  HAMBURG  FIRESTORM  AREA 


oncrete 


Comments^  ^  ^5) 


All  occupants  safe.  Buildings  completely  destroyed  by  fire. 
Seven  safe.  House  blown  away  by  air  mine. 

All  safe.  House  demolished  and  burned  out. 

Twenty-eight  safe.  Complete  collapse  of  house. 


One  hundred  twenty-five  occupants  survived.  Severe  fire  damage. 

House  burned  out  and  collapsed.  All  40  escaped,  safely  via  concrete  reinforced  exit. 
House  burned  out  and  collapsed.  All  140  rescued  (not  plotted  in  Fig.  23)* 

All  15  rescued. 

When  fire  started,  40  to  50  left  shelter;  remaining  15  were  killed.  Shelter  held. 

When  fire ^started,  30deft;  remaining  67  died  from  asphyxiation  or  smoke.  Shelter  held. 
When  fire  started,  30  left;  remaining  23  died  from  asphyxiation. 

The  650-capacity  shelter  withstood  3  explosive  bombs  40  meters  away.  The  75-cm 
masonry- reinforcements  showed  extensive  splinter  damage.  Shelter  undamaged. 

All  occupants  exited  safely. 


One  person  killed  by  falling  concrete;  the  other  51  in  the  shelter  were  unharmed. 

One  of  two  entrance  structure  roofs  torn  off;  gas  sluice  doors  bent  inward.  No  persons 
injured. 

Entrance  constructed  of  masonry  sidewalls  and  concrete  ceiling  fell  over;  outer  gas  sluice 
door  bent  inward,  but  exit  remained  useable.  No  persons  injured. 

Building  received' direct  hit;  gas  sluice  door  bent  outward.  Twelve  of  the  150  occupants 
were  killed'by  falling  concrete. 

Entrance  structure  of  masonry  and  concrete  fell  over,  blocking  exit.  No  persons 
injured. 

Negligible  damage,  no  injuries. 


One  exit  completely  destroyed;  otherwise,  structure  intact.  One  person  killed  in  sluice, 
remaining  300  unharmed. 

Direct  hit;  damaged  beyond  repair.  All  3  occupants  were  killed  by  concrete  debris. 


Direct  hit;  damaged  beyond  repair;  concrete  density  unsatisfactory.  Twenty-three  of  35 
occupants  killed  by  concrete  (not  plotted  in  Fig,  23). 

Direct  hit;  minor  damage  to  walls.  None  of  the  475  occupants  were  injured. 


Near  hit;  one  person  injured  in  the  backs  No  other  injuries  sustained. 

Direct  hitaround  7th  story,  extensive  damage;  two  persons  killed  by  concrete*.debris. 


Outer  walls  damaged,  occupants  uninjured. 

Near  Hits;  outer  walls  penetrated  by  splinters;  occupants  uninjured. 


See  Refs 


6.  Interest  in  Closed  Shelters 

Since  World  War  II,  the  experiences  of  the  Germans;  and  their  survi¬ 
val  through  Several  firestorms  have  interested  many  in  the  area  of  civil 
defense.  These  investigators  have  unanimously  concluded  that  survival  is 
possible  within  the  center  of  a  firestorm  area  if  a  few  simple  requirements 
are  met.  Broido  and  McMasters^7)(  Leutz(*®*»  Marshall^2®®', 

Hill^1^^,  Martin  and  Latham'2®-',  Strope^2®"^^,  Strope  and  Christian^ 
and  Schunk^®^)  generally  conclude  that  a  simple  underground  shelter  with  the 
proper  protection  against  hedt,  smoke,  and  the  gaseous  products  of  combus¬ 
tion  is  the  solution. 

Such  a  shelter  presents  a  serious  ventilation  problem  in  that  the  inter¬ 
nal  effective  temperature,  carbon  4ioxide,  and  oxygen  levels  must  be  main¬ 
tained  within  limits.  These  limits,  previously  discussed  in  Section  V,  are 
subject  to  some  disagreement  between  experts;  nevertheless,  there  are 
obviously  limits  which  must  not  be  exceeded  for  the  safety  of  the  occupants. 
The  closed  shelter,  therefore,  must  protect  its  occupants  against  two  hazards: 
one  is  the  external  mass  fire  environment,  and  the  other  is  the  internally 
produced  hazards  of  heat  and  the  carbon  dioxide  and  oxygen  balance. 

1 .  Internal  Hazard 

The  relative  importance  of  each  factor  (heat,  carbon  dioxide 
and  oxygen)  is  determined  by  the  human  body  and  its  production  rate  of  and 
tolerance  to  each.  The  time  factor  is  determined  by  the  shelter  size  (  volume, 
surface  area),  number  of  occupants,  and  existing  ventilation  conditions;  i.  g. , 
the  more  occupants  in  a  shelter  of  given  size,  surface  area,  and  ventilation 
conditions*  the  quicker  the  buildup  of  heat,  carbon  dioxide  and  reduction  in 
oxygen.  Each  of  these  can  and  does  vary  in  individuals  performing  different 
tasks  such  as  sitting,  sleeping,  and  doing  heavy  work.  The  following  table 
was  prepared  by  ASHRAE  and  is  one  of  many  on  jhe  subject. 


TABLE  19.  ENERGY  EXPENDITURE,  OXYGEN  CONSUMPTION,  CARBON 
DIOXIDE  PRODUCTION  AND  RATE  OF  BREATHING  IN  MAN 


Physical  Activity 

Energy 

Expenditure, 

Btu/hr 

Oxygen 
Consumption, 
cu  ft/hr 

Carbon  Dioxide 
Production, 
cu  ft /hr 

Rate  of 
Breathing, 
cu  ft /hr 

Prone,  at  rest 

300 

0.60 

0.50 

15 

Seated,  sedentary 

400 

0  .  80 

0.67 

20 

Standing,  strolling; 

600 

i.  20 

1.00 

30 

Walking,  3  mpK 

1000 

2.00 

1.67 

50 

Heavy  work 

1500 

3.00 

2.50 

75> 

Source:  See  Reference  (7). 
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The  individusd  human  load  placed  on  the  closed  shelter  is: 

Oxygen  Consumption,  0.  85  cu  ft/hrl-^8) 

Carbon  Dioxide  Production  0.70  cu  ft/hr(?28) 

Individual  Heat  Production  518  Btu/hr(^9.  330) 

It  can  be  seen  that  the  values  chosen  are  between  the  seated  and  standing 
values  reported  by  ASHRAE.  Using  the  chosen  values,  the  relative  hazard  of 
each  parameter  can  be  determined  with  regard  to  time  in  any  particular  shel¬ 
ter  situation. 


a.  Carbon  Dioxide  Production  - 

{< 

Figure  24  represents  the  production  of  carbon  dioxide  in  a  i 

closed  shelter  based  on  the  air  space  (in  cubic  feet)  available  per  person  within 
that  shelter.  The  volume  per  person  used  as  a  standard  by  OCD  is  65  cu  ft/ 
person  in  shelters  with  adequate  ventilation  and  500  cu  ft/person  in  shelters 
without  ventilation i  From  Figure  24,  it  can  be  seen  that  the  limit  of  3  percent 
carbon  dioxide  will  be  reached  in  21.45  hr,  and  5  percent  carbon  dioxide  will 
be  reached  in  35.  75  hr  at  500  cu  ft/person  assuming  a  constant  production  of  j 

0.  7  cu  ft  of  carbon  dioxide  per  person  per  hour. 


Source:  SwRI 


FIGURE  24.  CARBON  DIOXIDE  CONCENTRATION 
IN  UNVENTILATED  SPACES  . 
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The  length  of  stay  in  the  shelter  during  a  mass  fire  may 
depend-.-on  one  -of  t\vo:  things  =or  a  ^combination-  of  bothrr^f  ll  the  fir-e  it  self,  and 
(2)  fallout.  For  the  purpose  of  discussion,:  stays  for  various  periods  of  time 
can 'be  consider  ed.  For  example : 

_ Condition  _  Length  of  Shelter  Stay 

Mass  Fire  -  Not  Trapped  4-8  hr 

Mass  Fire  -  Trapped  (await  rescue)  24-72  hr 

Mass  Fire  -  Fallout  14  days 

Based  solely  on  the  carbon  dioxide  content  of  the  shel¬ 
ter  as  indicated  in  Table  20,  survival  appears  possible  in  shelters  of  the 
65  cu  ft /per  son  type  for  4  hr,  shelters  of  150-200  cu  ft/person  are  ade¬ 
quate.  In  any  long  term  stay  of  24  hr  or  longer,  only  the  larger  shelters 
providing  500  cu  ft/persoh  or  more  appear  to  be  safe  unless  fresh  air  can  be 
provided  in  some  way  to  relieve  the  carbon,  dioxide  buildup.  For  a  long  term 


TABLE  20.  CARBON  DIOXIDE  BUILDUP  IN 
CLOSED  SHELTER  (%BYVOL) 


Length  of 
Shelter  Stay 

Air  Space  (cu  ft/Person) 

500 

“  400, 

300 

200 

100 

65 

50 

4  hr 

0.56* 

0. 70 

0.93 

1.4 

2,8 

4.  3 

5.6 

8  hr 

1.12 

1.40 

1.86 

2.  8 

5.6 

8.6 

i;i .  2 

24  hr 

3.36 

4.20 

5.  58 

8.4 

16.  8 

25.  8 

33. 3 

72  hr 

10.08 

12.60 

16.  74 

25.2 

-- 

-- 

-- 

14  days 

•*  *• 

**  *■*' 

*”  ** 

" 

" 

*%  CO2  by  volume 


stay  under  conditions  of  fallout,  relief  is  absolutely  necessary.  The  carbon 
dioxide  concentrations  in  each  case  could  be  reduced  by  mechanical  ventila¬ 
tion  or  removal  in  order  to  extend  the  safe  occupancy  period.  It  might  be 
possible  after  a  4-hr  closure  period  to  draw  fresh  air  into  the  shelter  through 
a  vent  protected  from  debris,  excessive  heat,  smoke,  and  noxious  gases. 


The  data  utilized  in  this  discussion  are  based  on  a  constant 
rate  of  carbon  dioxide  production  per  person. throughput  the  shelter  stay.  Any 
heat  buildup  within  the  shelter  will  cause  an  increase  in  the  respiratory  volume 
and  heart  rate.(^5,  ^6)  The  oxygen  concentration  in  the  shelter  area  .will  begin 
to  drop  and  this  also  effects  an  increase  in  the  respiratory  volume.  In 

addition,  the  buildup  of  carbon  dioxide  in  the  shelter  continues.  Under  these 
circumstances,  the  respiratory  volume  can  be  expected  to  rise  quite  rapidly. 
However,  the  rate  of  carbon  dioxide  production  can  be  expected  to  drop. 
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Experiments,  by  Hastings,  et  al.(143),  confirm  this  fact.  Menin  a  supine 
position  were  monitored  for  the  carbon  dioxide  content  of  their  expired  air 
while  exposed  to  1. 5  percent  carbon  dioxide  in  air.  An  original  excretion 
rate  of  approximately  I90cc/min  dropped  to  approximately  T40cc/min  after 
eight  days  of  exposure  and  then  rose  gradually  over  the  next  five  weeks  never 
regaining  the  original  level. 


The  initial  drop  in  the  respiratory  gas  exchange  ratio  was 
explained.  Breathing  gas  containing  increased  CO2  concentrations  will  result 
in  a  degree  of  uptake  of  excess  CO2  by  body  alkali  in  an  endeavor  to  maintain 
a  constant  pH.  Until  a  new  equilibrium  is  reached  between  the  increased  CO2 
and  the  CO2;  content  of  the  body  buffers,  the  amount  of  the  CO2  in  the  expired 
air  must  be  less  than  the  .sum  of  CO2  normally  expired  by  breathing  air  and 
the  CO2  added  in  the  experiments. O'*3)- 

The  combined  effect  of  heat,  anoxia  and  carbon  dioxide  on 
the  respiratory  volume  and  the  carbon  dioxide  content  of  the  expired  air  under 
such  circumstances  is  npt  known.  In  a  sealed  and  unventilated  shelter,  these 
three  factors  will  be  of  serious  concern  and  can  be  expected  to  increase  the 
hazard,  the  precise' degree  of  which  is  not  known. 

b.  Oxygen  Consumption 

Figure  25  represents  the  oxygen  reduction  in  terms  of 
time  (hr)  versus  the  air  space  (in  cu  ft)  available  per  person  within  the  shelter. 


FIGURE  25,  OXYGEN  DEPLETION  IN  UNVENTI LATED  SPACES 


At  the  OCD  standard  of  500  cu  ft/person,  the  lower  limit  of  14  percent  oxygen 
is  reached  in  41. 3  hr,  and)  at  65  cu  ft/person,  the  limit  is:  reached  in  5,  35  hours  i 

This  simple  comparison,  is  used-to  point  up  :the  fact  that 
the  production  of  carbon  dioxide  is  the  determining  factor  for  ventilation  when 
compared  with  the  reduction  of  oxygen. 

c.  Ventilation  for  Oxygen  and  Carbon  Dioxide  Limits 

In  a  -fallout  situation  where  :a  shelter  stay  of  as  long  as 
14  days  may  be  necessary,  both  oxygen  and  carbon  dioxide  can  be  kept  within 
survival  limits  by  moderate  airflows  of  0  .to  .5  cfm/person  or  higher.  Table  21 
represents  the  airflow  required  to  maintain  the  necessary  oxygen  content  and 
carbon  dioxide  level. 

The  values  in  Table  21  are  valid  only  where  the  ventilation 
is  properly  arrangsdrtp  reach  ailarea-k  of-  a  shelter  and  actually  create:  the 
number  of  air  changes  it  is  designed  to  accomplish.  From  this  table,,  it  can 
be  seen  that  an  airflow  of  0i  50  cfm  per  person  is  sufficient  to  stay  within  the 
3  percent  Carbon  dioxide  and  14 -per cent  oxygen  limits.  An  airflow  of  3  cfmdis 
recommended  by  OCD^  204)  anvj[  £s  sufficient  to  maintain  the  carbon  dioxide  level 
at  or  below  0.47  percent  and  the  oxygen  at  or  above  19.  <79  percent. 


TABLE  2 1 .  TE-RMINAIL  'VALUE'S  OF  GAS  CONCENT  RATION* 


Rate  of  Ventilation, 

Terminal:  Concentration) 

%  by  Vol 

cfm /Per  son 

Carbon  -Dioxiae 

Oxygen 

0. 25 

5.  33 

14.  13 

0.50 

2..-6T 

111.  33 

U00 

1.3:5 

1.8  •  77. 

2.00 

0../6.9 

19.  53 

3.9O 

a.47 

n.  79 

5.60 

0...29 

Uh  LI 

*Thia  chart  is>  based  on  an  oxygen  consumption  of  C  .  90  cu-  ft/hr  /per  son  and  a 
carbon  dioxide  production  of  6.  75  cu  ft/'hr/persoh;. 

Source:  See  Reference  (7). 

di  HeaC  Production 

The  closed -shelter  suffers  from  an  additional  internal' 
hazard  and.  that  is  the  production  of- heat  by  the  occupants.  Estimated  at 
518:  Btu/hr/person,  this  heat  is  sufficient  in  some  cases  to  raise  tli^  tempera¬ 
ture  within  the  shelter  above  bearable  limits. 


*  Of  this  5 18  Btu,  about  45.  percent  is  given  off  in  the  form 

of  latent  heat  (moisture,  at  a  room  temperature  of  80°  to  85°  F).  The  balance 
is  given  of-Tas  sensible  heat  to  the  surroundings.  Thus;  the  sensible  heat  so 
released  acts  to  increase  the  temperature  of  the  air  inside  the  shelter  while 
the  latent  heat  released  acts  to  increase  the  humidity. (204)  The  heat  rise  in 
the  shelter  is  dependent  on  many  variables  including  shelter  size,  number  of 
occupants  within,  shelter  surface  area,  heat  loss  through  the  shelter,  cli¬ 
matic  and  soil  conditions,  ventilation,  and  humidity.  This  particular  phase 
has  probably  received  more  study  than  any  other  regarding  survival  limits 
within  a  shelter. 


There  are  two  internal  beat  conditions  which  must  be  con¬ 
sidered  for  the  closed  shelter:  (1)  the  situation  where  the  shelter  is  closed 
tightly,  and  the  internal  heat  production  must  be  absorbed  by  the  walls,  floor,, 
furnishings  and  enclosed  air;  and  (2)  the  situation  whe-re  air  for  ventilation  is. 
circulated  through  the  shelter  from  the  outside  and  might  bring  in  additional 
heat.  Review  of  previously  referenced  reports  indicates  agreement  on  the 
point  that  the  rate  of  air  replacement  necessary  to  maintain  a  safe  tempera¬ 
ture  level  in  a  closed  shelter  exceeds  the  rate  necessary  to  maintain  proper 
carbon  dioxide  and.  oxygen  levels. 

Diurnal  variations  and  average  outside  air  temperatures 
vary  throughout:  the*  country.  The  1964  AS  HR  AE  Guide  and  Data  Book^), 
Chapter  30,  lists;  the  r  esults  of  analog  computer  studies  on  the  rise  in  temper-, 
ature  after  ten  days  in  shelters.  In  many  cases,  ventilation  rates  of  12  cirri/ 
person  were  unable  to  maintain  the  85°  F  limit.  In  several  areas,  increasing 
the  ventilation  beyond  a  certain  rate,  tended  to  increase  the  shelter  space? 
temperature,  because  the.  outside  air  was.  warmer  than  the  shelter  walls.. 
Martin  and  Lalhamfc^^  note- that  the  ventilation  requirements  can  easily  go 
well  beyond:  even  121  cfm/pers$on  as  indicated  in  Table  22.. 


TABLE  2Z..  VENTILATION  REQUIRED  FOR 
TEMPERATURE  CONTROL(206) 


T  emp  er  ature  of 
Incoming  Air,  °  F 


Average  Temperature 
in  the  Shelter,  °  F 


Amount  of  Fresh  Air 
Required  per  Adult,  cfm 


40 

65 

6.  2 

50 

70 

6.9 

67 

75 

8.0 

70 

80 

10.0 

80 

85 

15.  3 

85 

87.5 

25 

88 

90 

56 

i 

s 

Ji 


From  these  reports,  it  is  obvious.  that  mechanical,  cooling 
will  be  necessary  in  many  areas  if  prolonged  shelter  occupancy  is  to  be  safe. 
To  date,  the  majority  of  study  has  centered  around  the  (effective  tem¬ 

perature)  recommended  by  OCD.  The  estimates  of  ventilation  necessary  to 
maintain  this  temperature  limit  are  related  to  the  ambient  weather  conditions 
and  other  diurnal  variations,  and  it  is,  therefore,  impossible  to  establish  any 
one  criterion.  In  addition,  the  results  of  recent  studies  indicate  that  an 
effective  temperature  of  85°  F  may  be  too  high  for  even  young,  healthy  people 
to  endure  over  a  two-week  closure  period. 

2.  External  Hazard 


The  external  hazards  to  be  considered  for  a  shelter  protecting 
its  occupants  against  the  mass  fire  environment  are  heat  and  fallen  debris, 
carbon  monoxide,  smoke,  oxygen  reduction,  and  noxious  gases.  These 
hazards  are  discussed  here  individually  and  as  they  relate  to  one  another. 

a.  Heat  and  Fallen  Debris 


The  heat  load  placed  on  the  shelter  environment  by  a  mass 
fire  is  a  function  of  the  time -temperature  history  of  the  surrounding  air,  the 
radiant  heat  exposure,  thermal  diffusivity  of  the  shelter  structure,  and  thick¬ 
ness  of  shelter  construction.  The  surface  temperatures  adjacent  to  an  actively 
burning  fire  might  increase  rapidly  to  a  high  temperature  and  then  gradually 
decrease  with  time  as  the  combustible  material  is  consumed,  or  it  may  be 
exposed  to  burning  debris  which  covers  the  shelter  and  causes  a  long,  slow 
buildup  of  heat.  The  free  burning  fire  and  its  high  air  temperatures  are  not 
expected  to  exist  for  more  than  4  to  8  hr,  while  the  high  temperatures  of 
smoldering  rubble  may  last  for  days  or  even  weeks. (30) 

When  the  top  of  a  slab  or  overburden  above  an  underground 
shelter  is  blanketed  with  burning  or  smoldering  material,  the  lower  surface 
of  the  slab  will  progressively  rise  in  temperature  and  may  continue  to  rise 
for  some  time  after  the  fire  subsides.  The  magnitude  of  the  temperature 
rise  at  the  ceiling  of  the  shelter  can  be  estimated  from  Figure  26.  The 
assumed  fire  model  for  these  curves  is  based  upon  sudden  outside  surface 
temperature  rise  to  fire  temperatures,  tf,  at  time  =  0,  followed  by  a  linear 
return  to  the  initial  top  slab  surface 'temperature  before  the  fire,  tD.  The 
elapsed  time  is  designated  as  the  fire  period,  &0.  The  temperature*  t,  of 
the  lower  surface  of  the  slab  will  continue  to  rise  for  a  time  during  the 
postfire  period  and  can  be  computed  from  the  temperature  rise  function,  <j>p, 
at  any  time,  Q,  after  the  start  of  the  fire.  The  crest  of  each  curve  occurs  at 
the  time  when  the  temperature  of  the  lower  surface  :s  maximum.  ^ 

The  equations  on  the  followi?  •  ongt-  t>ve  been  written  to 
express  these  relationships: 
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10.5 


(3) 


the  roof  is  2 -ft  thick  and  has  a  thermal  diffusiyity,  a, 
of  0 .  03;  and 

_  -  -  -  -  (4)  the  estimated  tgnlpefature  recovery  time,  $0,  due -'to 

the  fire  is  8  hours; 

the  solution  is  as  follows; 

T1  •=  =  o.06  (15) 

VD 2 

From  Figure  26,  the  peak  of  the  curve  occurs  at  Y  =  3.  25, 
the  value  of  6  is  determined  by 

6  -  (8)(3.  25)  =  26  hr  to  max  ceiling  temperature  (16) 

This  example  points  up  the  importance  of  shelter  location  in  regard  to  the 
exposures  surrounding  it. 

The  most  serious  hazard  is  expected  to  result  in  those 
cases  where  the  shelter  is  buried  by  heated  rubble  and  exposed  to  the  higher 
temperatures  of  540°  to  1090°C  (1000*  to  2000° F).  Using  815° C  ( 1 500°  F)  as 
the  maximum  temperature,  tp,  of  the  external  surface  of  the  roof  during  the 
fire,  Eq.  ( 13)  then  becomes 

t  -  80  =  (0. 055)(  1 500  -  80)  (17) 

t  =  158°  F  (70°  C)  =  maximum  ceiling  temperature 
;Leutz  presents  similar  data  (see  Fig.  27). 

Experience  from  World  War  II  and  peacetime  fires  indi¬ 
cates  that  two  different  burning  conditions  may  be  expected  depending  upon  the 
degree  of  blast  damage.  If  the  structures  are  left  standing  while  ignited,  they 
will  burn  freely  and  tend  to  collapse  straight  down  into  their  own  foundations. 
If  there  is  a  great  amount  of  structural  collapse  prior  to  ignition,  these 
buildings  are  expected  to  burn  cooler  resulting  in  lower  air  temperatures; 
however,  they  will  undoubtedly  burn  over  a  much  longer  period  of  time.  Any 
shelters  covered  by  such  burning  debris  will  be  subjected  to  higher  tempera¬ 
tures  over  a  longer  period  of  time  than  a  shelter  exposed  only  to  heated  air 
from  a  short,  hot,  freely  burning  fire. 

Where  shelters  are  covered  by  burning  debris,  the  occu¬ 
pants  must  seek  escape  as  soon  as  outside  conditions  permit.  For  this  rea¬ 
son,  the  exits  must  be  protected  from  falling  debris  where  its  occurrence  is 
possible.  Of  those  that  survive  the  initial  mass  fire,  many  will  be  able  to 
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FIGURE  27.  HEAT  CONDUCTIVITY  OF 
REINFORCED  CONCRETE  SLABS 


escape  by  leaving  their  shelters,  while  others  who  cannot  leave  because  of 
blocked  exits  will  be  forced  to  suffer  the  slow  but  steady  buildup  of  heat  from 
the  smoldering  rubble  which  may  be  in  direct  contact  with  the  shelter  envelope. 

Experience  with  blast  damage,  fires,  and  smoldering 
debris  in  Germany  led  to  the  use  of  protected  exits  in  those  areas  exposed  to 
rubble. These  exits  were  protected  by  brick  or  formed  concrete  arch¬ 
ways  which  led  to  an  area  of  safety  beyond  the  reach  of  falling  debris.  Studies 
by  Ahlers^)  and  Edmunds,  et  al.(^®?),  have  investigated  the  structural  debris 
caused  by  nuclear  blast  and  the  problems  involving  in  clearing  the  area  after 
the  attack. 


b.  Carbon  Monoxide,  Smoke,  Oxygen  Reduction, 
and  Noxious  Gases 


The  influx  of  smoke  and  fire  gases  into  a.  shelter  is  perhaps 
the  most  difficult  hazard  to  define  in  the  mass  fife  environment.  If  thr  shelter 
is  completely  sealed  off  from  the  external  environment,  there  is  no  problem 
other  than  the  internal  buildup  of  heat  and  carbon  dioxide,  the  reduction  in 
oxygen,  and  the  external  heat  load  on  the  shelter  envelope.  When  the  condi¬ 
tions  inside  the  shelter  approach  dangerous  limits,  there  will  be  a  need  to.  get 
fresh  air  into  the  shelter  or  renew  the  internal  air. 

As  indicated  earlier,  heat  is  expected,  to  be  the  primary 
factor  leading  to  the  need  for  ventilation  in  a  closed  shelter.  When  this  ven¬ 
tilation  is  sought,  there,  is  the  risk  of  bringing  addi  .*onal  heat  plus  fire  gases 
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into  the  shelter.  Considering  the  expected  duration  of  a  mass  fire  in  any 
particular  area,  the  outside  air  should  be  in  a  useable  condition  after  approxi¬ 
mately  6  to  8  hr  from  ignition  time.  If  the  shelter  is  still  occupied,  the  shel- 
terees  may  elect  to  leave  or  to  remain  in  case  of  fallout.  There  is  also  the 
possibility  that  their  exit  may  be  blocked,  preventing  their  leaving.  In  either 
case,  if  the  occupants  need  fresh,  air,  their  lives  depend  upon  the  safety  of 
the  outside  environment. 

If  the  outside  air  contains  high  carbon  monoxide  or  a  lethal 
concentration  of  other  noxious  gases,  ventilating  the  shelter  will  bring  these 
fire  gases  inside.  Leaving  the  shelter  will  accomplish  the  same  exposure. 

In  this  regard,  it  should  be  noted  that  there  are  no  accounts  of  any  persons 
who  were  able  to  survive  the  firestorms  in  Germany  and  then  were  killed  by 
the  lingering  carbon  monoxide  or  noxious  gases.  The  only  deaths  appear  to 
be  those  which  occurred  to  trapped  shelterees  subjected  to  the  long  heat 
buildup  and  to  carbon  monoxide  from  smoldering  rubble. 

In  case  of  internal  buildup  of  heat  and  carbon  dioxide,  there 
is  the  possibility  of  being  trapped  in  a  shelter  without  exposure  to  external 
heat  and  carbon  monoxide.  As  suggested  by  Broido  and  McMasterst^?)',  a 
vent  located  free  of  rubble  should  provide  the  shelter  with  adequate  fresh  air 
to  supply  the  necessary  cooling  and  oxygen  until  rescue  i-s- -effected'. 

The  hazard  of  heat,  gases,  and  smoke  is  most  severe 
during  the  active  fire  burning  period  including  the  buildup  and  burnout  periods 
(approximately  8  to  10  hr).  The  greatest  hazard  will  of  course  occur  in  those 
shelters  that  are  open  and  exposed  to  the  wind;  currents  of  combustion  products. 
The  importance  of  external  wind  conditions  has  been  shown  by  ^two  investiga¬ 
tions.^^*  386)  Winds  of  4  to  50  mph  can  create  pressures  of  0.01  to  1 . 6  in. 
of  water. Thus,  it  is  apparent  that  enough  pressure  is  available  to  force 
combustion  products  into  shelters. 

The  shelter  spaces  most  exposed  to  the  mass  fire  environ¬ 
ment  are  those  in  high  rise  buildings  on  the  upper  floors  exposed  by  plain 
glass  windows.  There  are  also  those  people  who  are  caught  in  the  open  and 
some  who  will  remain  in  residential  structures.  Those  in  residential  struc¬ 
tures  (wood  frame)  who  seek  shelter  in  basements  would  not  be  expected  to 
survive  a  mass  fire  that  passes  overhead. 

In  order  to  accurately  define  the  hazard  from  the  influx  of 
combustion  products  into  a  shelter,  several  variables  must  first  be  known. 
These  are: 


(1)  The  qualitative  composition  of  the  combustion  prod¬ 
ucts  (carbon  monoxide,  oxygen,  carbon  dioxide,  etc.), 

(2)  the  quantitative  composition  of  the  combustion 
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(3)  wind  velocity  arid  direction, 

(4)  shelter  geometry  and  arrangement, 

(5)  rate  of  inflow  of  combustion  products, 

(6)  shelter  size,  number  of  occupants, 

0 

(7)  shelter  ventilation,  and  the 

(8)  environmental  conditions  in  a  shelter  at  or  before 
moment  of  influx. 

From  this  list  of  variables,  it  is  obvious  that  a  precise 
definition  of  the  hazard  cannot  be  had  at  the  present  time;  however,  the  hazard 
in  general  may  be  recognized  and  investigated.  Items  (3),  (4),  (6),  (7),  and 
(8)  may  be  assumed  for  purposes  of  discussion  at  this  stage  in  the  "state-ofc 
the-art.  "  Item  (5)  is  presently  under  study.  Items  (1)  and  (2)  have  received 
study  by  several  investigators,  each  in  his  own  way  and  under  varying  condi¬ 
tions.  Without  a  precise  definition  of  the  ranges  of  carbon  monoxide,  carbon 
dioxide,  and  oxygen  that  are  contained  in  the  combustion  product  stream,  the 
life  hazard  cannot  be  evaluated. 

For  this  reason,  as  a  part  of  this  project,  these  two  items 
were  investigated  under  carefully  controlled  conditions  in  order  to  obtain  an 
indication  of  the  ranges  of  these  gases  to  be  expected  and  their  corresponding 
ratio  in  regard  to  each  other.  This  experimental  work  is  presented  in  Sec¬ 
tion  VII  of  this  report. 

One  additional  item  must  be  considered  in  order  to  define 
the  true  hazard  from  the  influx  of  combustion  products  into  shelter  spaces, 
and  that  is  to  define  the  effect  of  these  combustion  products  on  humans.  This 
important  item,  when  defined,  will  clearly  establish  the  allowable  leakage 
which  may  be  safely  permitted  into  shelters  in  areas  prone  to  mass  fire 
development. 
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With  development  of  leakage  rates*  knowledge  of  the  com 
bustion  products,  and  a  definition  of  their  true  hazard,  the  life  safety  of 
shelters  may  be  evaluated  on  a  basis  never  before  possible. 


Review  of  the  facts  known  to  date  indicates  that  survival 
is  possible  within  a  mass  fire  environment.  It  has  been  estimated  that  in 
Hamburg  187,  000  out  of  some  227,  000  persons  who  initially  took  refuge  in 
the  least  protective  types  of  shelters  ("communal  or  private  cellar  shelters") 
within  the  firestorm  area  were  "saved  either  through  remaining  in  the  shelters 
throughout  the  raid  or  by  escaping  to  some  safer  place  while  there  was  yet 
time.  "'9®'  Of  those  who  were  saved  by  "escaping  to  some  safer  place  while 
there  was  yet  time,  "  some  45,  000  did  so  with  the  aid  of  rescue. -  The  few 


and  simple  requirements  for  life  safety  within  a  mass  fire  have  been  outlined 
by  several  investigators  since  World  War  II.  The  most  serious  problem  in 
large  American  cities  may  be  the  inability  to.  get  enough  separation  of  shelters 
from  rubble  in  those  areas  where  collapse  and  bur ning  will  occur.  In  other 
situations  where  fifes  arethe  mam  problem,  the  most  serious  factor  will  be 
the  influx  of  combustion  products  into.the  large  fire -resistive  buildings  (both 
from  internal  and  external  fires)  established  as eheltbr s .  In. Japan,  experi¬ 
ence  demonstrated  that  many  fire -resistive  structures  may  be  completely 
gutted  by  fire  and  left  standing  as  structural  skeletons . Such  structures, 
if  protected  from  radiant  energies  and  burning  brands,  could  stand  as  safe 
shelters  in  the  midst  of  a  burning  city.  At  the.  present  time,  there  is  not 
sufficient  definition  of  the  mass  fire  environment  to  determine  the  life  hazard 
of  combustion  products  in  open  areas  or  at  various  distances  in  the  air  within 
a  mass  fire. 


In  an  attack  situation  where  the  sheltered  populace  is 
subjected  to  a  mass  fire  and  there  is  no  radioactive  fallout,  it  is  possible  to 
envision  the  development  of  fear  from  fallout.  This  could  serve  to  prevent 
people  from  escaping  shelters  which  may  later  be  subjected  to  conditions 
beyond  man's  survival  limits. 


VII.  EXPERIMENTAL  STUDY  OF  COMBUSTION  PRODUCTS 

Several  authors  have  reported  on  investigations  into  the  generation  of 
combustion  products  by  burning  various  building  materials. Each 
investigator  has  established  different  burning  conditions,  used  different 
methods,  different  materials,  and  reported  his  data  in  varying  ways.  A 
review  of  this  work,  as  presented  in  Section  IV,  reveals  a  hodgepodge  of 
experimental  data  when  an  attempt  is  made  to  relate  the  results  to  a  mass  fire 
environment. 

The  difficulty  of  extrapolating  various  test  results  has  been  recog¬ 
nized  by  many  authors.  These  problems  are  understandable  when  one  con¬ 
siders  the  tremendous  difficulties  posed  in  conducting  actual  large-scale 
experimental  fires.  There  are  many  variables,  and  it  is  nearly  impossible 
to  hold  some  of  the  parameters  fixed  so  that  valid  comparisons  can  be  made. 

As  a  result,  the  reports  of  the  various  investigators  indicate  a  wide  range 
for  each  of  the  parameters  of  interest  which  cannot  be  related  to  any  one  of 
or  to  a  combination  of  variables. 

For  this  reason,  it  was  decided  to  establish  a  burning  condition  for  a 
typical  building  material  and  conduct  a  limited  number  of  experiments  utiliz¬ 
ing  a  standard  test  facility  and  with  ventilation  as  the  only  variable.  In  this 
manner,  the  production  of  heat,  smoke,  flame  and  toxic  gases  could  be  directly 
related  to  the  rate  of  ventilation  and  to  each  other,  under  the  precise  condi¬ 
tions  of  each  test.  As  a  result  of  his  work,  Zapp(386)  stated  that  the  rapid 
death  which  can  occur  as  a  result,  of  exposure1  to  conflagrations  "may  be  due 
to  heat  or  to  the  inhalation  of  a  toxic  atmosphere  or  to  a  combination  of  these. 
Ventilation  determines  which  of  these  factors  predominate." 

Data  thus  secured  would  provide  basic  information  regarding  the 
amounts  of  heat,  smoke,  and  toxic  gases  to  be  expected  from  burning  a  com¬ 
bustible  building  material  under  varying  ventilation  conditions  and  their  rela¬ 
tive  production  rates  with  respect  to  each  other.  Such  data  could  be  used 
to  approximate  the  conditions  of  exposure  to  people  in  mass  fifes.  Further 
research  would  then  be  necessary  to  define  the  life  hazard  presented  under 
the  range  of  conditions  to  be  expected.  This  combustion  study  is  a  necessary 
and  basic  step  required  in  the  full  definition  of  the  mass  fire  life  hazard. 

In  an  effort  to  examine  more  closely  the  importance  of  ventilation  in 
the  production  of  combustion  products,  a  series  of  experiments  were  conducted 
utilizing  the  2  5 -ft  flame  spread  tunnel  furnace  — ASTME84--61  "StandardMethod  ■ 
of  test  for  Surface  Burning  Characteristics  of  Building  Materials.  "  In  this  test, 
a  sample  20  in.  wide.and  25  ft  long  is  mounted  on  the  top  of  the  furnace,  and  the 
underside  of  the  specimenis  subjected  to  an  ignition  flame  alone  end,  while  the  rate 
of  airflow  along  the  length  of  the  sample  is  carefully  controlled.  Under  normal 
test  conditions,  the  various  building  materials  are  exposed  to, an  ignition  flame 
burning  approximately  4-1/2  cu  ft  of  natural  gas /minute  while  the  airflow  is 


maintained  at  240  feet  per  minute  (fpm).  In  the  tunnel  furnace,  which  is 
approximately  18  in.  wide  by  12  in.  high  in  inside  dimension,  this  amounts 
to  an  airflow  of  360  cfm.  The  air  is  controlled  throughout  the  test  to  main¬ 
tain  a  constant  turbulent  flow. 

During  each  test,  the  specimen  is  monitored  visually  for  the  spread 
of  flame  along  its  surfa.ce;  the  heat  output  is  monitored  by  means  of  a  thermo¬ 
couple  placed  in  the  exhaust  stream;  and  the  smoke  production  is  monitored 
by  a  photocell  placed  in  a  vertical  position  in  the  downstream  exhaust  duct. 
The  tunnel  furnace  is  shown  in  Figure  28. 


Source;  SwRI 

FIGURE  28.  ASTM  E-84  TUNNEL  FURNACE 


In  addition,  during  these  tests,  the  exhaust  stream  was  continuously 
monitored  for  its  oxygen,  carbon  monoxide,  and  carbon  dioxide  content.  The 
carbon  monoxide  and:  carbon  dioxide  were  monitored  continuously  by  means,  of 
two  Beckman  Model  315  infrared  analyzers,  and  the  oxygen  was  continuously 
monitored  by  a  Beckman  Model  F3  oxygen  analyzer  utilizing  the  paramagnetic 
properties  of  oxygen.  Figure  28  depicts  the  gas  analysis  apparatus.  The  gas 
analyzers  sample  the  combustion  product  stream  at  a  point  approximately 
14  ft  downstream  from  the  end  of  the  furnace,  and  the  ductwork  is  fully  insulated 
throughout  this  portion  ; 
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Source:  SwRI 

FIGURE  29.  CARBON  DIOXIDE',  OXYGEN  AND 

carbon  monoxide  analyzers 


Since  the  purpose  of  this  investigation  is  the  definition  of  the  mass 
fire  life  hazard,  it  was  decided  to  evaluate  the  effect  of  ventilation  on  the 
combustion  products  produced  by  ordinary  building  materials  using  the 
10-min  fire  test  to  answer  questions  such  as:  How  low  does  the  oxygen  fall? 
What  range  of  carbon  dioxide  can  be  expected?  What  range  of  carbon  monox¬ 
ide  can  be  expected?  and,  What  are  the  ratios  of  these  parameters  with  each 
other?  The  synergistic  relationship  and  its  importance  has  been  recognized 
but  lacks  the  necessary  definition  to  evaluate  the  life  hazard. 

In  order  to  examine  the  ranges  of  the  parameters  to  be  expected  and 
their  ratios  with  each  other,,  it  was  decided  to  concentrate  on  one  common 
building  material  and  burn  it  in  a  controlled  manner  under  varying  airflow 
conditions.  Untreated  and  uncoated  Douglas  fir  was  chosen  because  of  its 
wide  use  in  construction.  The  production  of  combustion  gases,  smoke  and 
heat  were  monitored  under  airflows  of  100,  200,  240  (the  standard  velocity), 


113 


•jOu'  ana  **uu  ipm  in  eachorfi  ve  3 eparate:  fee  st-sv  The  results 
Figure  30  and  indicate  the  following  general  conclusions: 
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•  Smoke  production  varied  with  the  velocity.  As  the  velocity 
increased,  the  smoke  production  (light  absorption)  decreased. 

At  100  fpm,  the  light  absorption  reached  a  high  of  18  percent 
which  was  considerably  higher  than  measured  in  all  four  other 
tests  which  ranged  from  near  zero  to  5  percent. 

•  The  temperature  of  the  exhaust  gases  reached  a  peak  at  240  fpm 
which  was  obviously  an  optimum  burning  condition.  At  240  fpm, 
temperatures  reached  605°  C  ( 1 125°  F),  and,  at  100  and  400  fpm, 
they  reached  325®  and  280°  C  (615°  and  530°  F),  respectively. 

•  The  degree  of  oxygen  reduction  recorded  in  the  combustion 
product  stream  increased  as  the  velocity  decreased.  At  100  fpm, 
the  oxygen  content  was  reduced  to  13  percent,  and,  at  500  fpm, 
reached  a  low  of  19  percent. 

•  The  carbon  dioxide  concentrations  recorded  in  the  effluent 
stream  followed  a  pattern  similar  to  the  oxygen  reduction  in  that 
it  increased  as  the  flow  decreased.  A  maximum  of  5.  3%  was 
recorded  at  100  fpm  and  a  maximum  of  1.3  percent  at  400  fpm. 

The.  carbon  monoxide  concentrations  recorded  in  the  effluent 
increased  from  0.05  percent  at  400  fpm  to  1.0  percent  at  100  fpm. 

Considering  the  carbon  dioxide/ carbon  monoxide  ratio  as  an  indication 
of  the  type  or  completeness  of  combustion.  Figure  31  was  plotted.  The 
carbon  dioxide /carbon  monoxide  ratio  varied,  from  6  to  30,  increasing  as  the 
airflow  increased.  Here,  carbon  dioxide  is  an  indication  of  complete  com¬ 
bustion,  and  carbon  monoxide  is  an  indication  of  incomplete  combustion. 


These  results  indicate  that  ah  optimum  burning  condition  exists  some¬ 
where  near  the  240 -fpm  flow  rate.  The  fact  that  240  fpm  is  the  standard  flow 
rate  chosen  also  indicates  its  optimum  qualities.  At  flow  rates  above  240  fpm, 
the  specimen  burns  more  cleanly,  produces  less  smoke,  less  carbon  dioxide 
and  less  carbon  monoxide  (percent  by  volume)  and  reduces  the  oxygen  content 
of  the  combustion  product  stream  by  a  lesser  amount. 


An  airflow  of  240  fpm  produces  the  hottest  fire,  and  airflows  above 
and  below  240  fpm  produce  much  cooler  fires.  However,  when  examined 
more  closely  from  the  standpoint  of  total  heat  content,  the  area  under  a  time 
temperature  curve  may  be  integrated  to  reveal  a  different  relationship. 
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FIGURE  30.  COMBUSTION  PRODUCTS  GENERATED 
UNDER  VARYING  VENTILATION  (Cont’d) 
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Source:  SwRI 


FIGURE  31.  CARBON  DIOXIDE /CARBON  MONOXIDE  RATIO 
OF  COMBUSTION  PRODUCTS 
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When  these  results  are  plotted  as  in  Figure  32,  the  results  look  dif¬ 
ferent  since  the  total  heat  production  does  rise  as  the  airflow  rises.  Although 
the  temperature  falls,  the  increased  airflow  more  than  makes  up  the  difference 
.in  terms  of  total  heat. 

The  production  of  carbon  dioxide  and  reduction  of  oxygen  actually 
follow  an  inverse  pattern  when  compared  with  heat  production.  The  specific 
concentrations  (percent  by  volume)  of  carbon  dioxide  and  reduction  in  oxygen 
(cu  ft)  are  at  a  maximum  at  240  fpm  (see  Fig.  32).  The  total  production 
of  carbon  monoxide  was  not  a  maximum  at  240  fpm. 

These  figures  confirm  the  fact  that  the  maximum  total  production  of 
carbon  dioxide  and  maximum  oxygen  reduction  Occur  at  the  peak  burning 
temperature.  The  instantaneous  maximums  of  gas  concentrations  in  percent 
by  volume  all  occurred  at  the  lowest  airflow. 
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FIGURE  32,  RELATIONSHIP  OF  COMBUSTION  PRODUCTS 
TO  VARYING  VENTILATION  RATES 


The  momentary  carbon  dioxide/ carbon  monoxide  ratio  varied  between 
6  and  30  with  a  general  relationship  throughout  the  tests  o£  lower  ratios  at  lower 
airflows.  The  ratio  of  total  carbon  dioxide /carbon  monoxide  production  is 
also  nearly  a  straight  line  function  of  airflow  with  high  ratio  at  high  airflows 
and  low  ratios  at  low  airflows  (see  Fig.  31). 

Life  safety  in  a  mass  fire  can  be  evaluated  if  the  exposure  to  the  sig¬ 
nificant  combustion  products  is  known.  If  the  exposure  is  hot  known,  then  it 
must  be  assumed,  and  this  work  provides  a  basis  for  those  assumptions. 

The  data  reported  herein  reflect  only  the  combustion  products  that 
would  be  produced  from  ventilated  fires.  This  work  should  be  extended  to 
investigate  the  effects  of  lowering  the  ventilation  rate  to  near  zero  in  addition 
to  tests  utilizing  other  common  building  materials. 

With  these  data,  a  hypothetical  mass  fire  situation  may  be  evaluated  in 
terms  of  life  safety.  A  burning  condition  may  be  assumed  under  particular 
ventilation  conditions.  This  combined  with  a  known  leakage  rate  will  allow 
calculation  of  the  gas  concentrations  to  be  found  in  the  shelter . 
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VIII.  EXPERIMENTAL  STUDY  OF  THE  EFFECTS 
OF  COMBUSTION  PRODUCTS 


A.  Qeneral; 

As;  a  part  of  this  contract,  an  attempt  was  made  to  conduct  a  modest 
but  carefully  cbntrbllecl  series  of  animal  tests  to  form  a  partial  basis  for 
determining  the  life-safety  hazard.  Those  parameters  which  are  strongly 
indicated  as  the  primary  factors  in  the  cause  of  fire-related  deaths  by  many 
investigators^^*  ^*  ^85,  were  studied. 

% 

This  parametric  analysis  is  intended  to  point  up  the  relative  life 
hazard  as  presented  by  each  parameter.  In  addition,  and  most  important, 
the  study  is  intended  to  define  thp'syn.e'fgi%ti,c  relationship  of  each  factor  with 
every  other-  andjtlje  s^nergisrti  presented  by  a  combination  of  all  factors. 

It  was  decided' to  mYestigat^  only  those,  parameters  which  have  already 
been  singled  out  as  of  .primary  concern  by-past  investigators .  These  factors 
include^  heat,  carbon;  monoxide,  and  pxygeni  ^epu.ct|_oh):i  The  effects, 
of  other  trace  ^constituents,  were  not  studied  in  the  current  program. 
However,  they  should^e  cohsidei?edr^nrordef'td^dete1rfmipfe'Jthervmagnitude  of 
the  respiratory  tract  injury  problem;  i.  e;  ,  : it  may  b^he  combination  of  all 
"  the  trace  gasjep^ aldehydes,  ketones,  nitrous  Pxictes*  efen)  that  is  the  signifi¬ 
cant  factor;  To  defin'e-tlfe  scope  pf  the  ppobiem,  it  is  important  that  this 
‘relationship  besknowjri,.  The  imporfande^of  smoker  (airborne  particulates 
including  barbon  and-any  gases  that  may  have  condensed  on  .the  cooler  par¬ 
ticle  s).,is.  one  .pther-^aetpr^iu  need  of  definitioh., :  .  -  :  -o . 

3  >0»  ‘  -  '  ^  ^  ^  ",  ' 

Th e  init iai  s tudy  b e  gup  duringthis-yjear 1  s  work  was  designed  to  provide 
the  basis  for  the  demonstration  of  the  . significance  of  the  'total  combustion 
/  product  stream  from  one.  common  building,  material  in  relation  to  an  exposure 
at  the  same  temperature  and  carbon  monoxide  level  1  Animals  were  exposed 
to  a  controlled  temperature  environment  in  the  laboratory  at  various  levels  of 
carbon  monoxide  in  air.  These  results  now  form  the  basis  for  comparison  of 
an  exposure  to  a  stream  of  combustion  products  from  the  burning  of  a  common 
building  material.  The  stream  could  be  sampled  at  the  precise  time  it  con¬ 
tained  the  desired  amount  of  carbon  monoxide  and  iheotemperature  easily 
controlled  to  any  desired  level.  The  results  of  sucba  test  shbuld  indicate 
the  significance  of  the  effect  of  the  entire  combination  of  nOxibUs  gases  as 
opposed  to  the  effect  of  carbon  monoxide  by  itself.  ..  .  ;  ‘  : 

A  work  plan  such  as  the  one  briefly  dis  cus sed  is  designed  to  define 
the  relative  importance  of  the  now  known  primacy  factor  s  in  the  mas s  fire 
>;  environment.  The  end  result  of  such  work  shouldbe  the  develbpi'neSt  of  time- 
.  concentration  values  of  the  primary  factors  ars^'^ieir  effect". on  hxmiPbf .  'Such 
a  plan  should  also  define,  the  significance  of  trace,  gases  and  smpkp;  J  - 


B.  Study  of  Mice  Exposed  to  Moderate  Variations  in  Temperature  and 

Carbon  Monoxide 

As  a  first  step  in  the  previously  described  plan,  white  mice  were 
exposed  to  variations  in  temperature  and  carbon  monoxide  concentrations  in 
air  to  determine 'the  significance  of  any  synergistic  action  that  might  result. 

These  experiments  were  conducted  in  the  SwRI  laboratories  by  quali¬ 
fied  personnel  in  the  Department  of  Physical  and  Biological  Sciences  under 
the  direct  supervision  of  the  Manager  of  the  Analytical  and  Biochemistry 
Section. 


•1.  Animals 

The  test  animals  used  were  adult  male*  Swiss  albino  mice,  25 
to  30  grams.  The  animals  were  procured  from  Simonson. Laboratories,  Inc., 
Gilroy,  California. 

•  2.  Test  Apparatus 

An  exposure  chamber  of  approximately  1  -cu  ft  volume  was  con¬ 
structed  of  plastic  as  shown  in  Figure  33.>  The  chamber  included  an  electrical 


Source:  SwRI 

FIGURE  33.  VIEW  OF  ANIMAL  EXPOSURE  CHAMBER 
WITH  TOP  REMOVED 
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(cone)  heater  and  fan  controlled  by  a  rheostat,  thermometer,  and  relative 
humidity  indicator.  The  area  housing  the  heater  and  fan  was  separated  from 
the  animals  by  a  perforated  asbestos  sheet. 

Carbon  monoxide  and  breathing  air  was  directed  through  individual  flow 
meters  into  a  mixing  chamber  and  then  into  the  exposure  chamber,.  The  gas 
concentration  in  the  chamber  was  then  monitored  for  its  carbon  monoxide  con¬ 
tent  by  a  Fisher  gas  partitiorier  (Model  25V),  modified  to  allow  a  preset  ali¬ 
quot  (5  to  565  ml)  of  chamber  gas  to  pa^as  through  to  a  manually  controlled 
integral  gas  sampling  valve  and  then  through  a  molecular  sieve  chromato¬ 
graphic  column.  Signals  from  the  thermistor  detectors  were  then  transferred 
to  a  Servoriter  recorder  ( 1  millivolt,  Texas  Instruments,  Inc.).  Carbon 
monoxide  concentrations  were  calibrated  and  monitored  on  the  basis  of  peak 
height  only. 

This  Fisher  gas  partitioner  was  also  calibrated  against  a  Beckman 
Model  315  infrared  analyzer  calibrated  in  the  0- to  2-percent  carbon  monoxide 
range.  The  agreement  at  levels  of  0.05,  0. 10,  0.  30, ,  0.  50  and  0. 74  percent 
were  checked,  and  the  greatest  deviation  was  found  to  be  0.02  percent.  The 
deviation  at  0*05  percent  was  only  0.003  percent;  average  deviation  was 
0.01.1  percent.  A  schematic  outline  of  the  test  apparatus  is  shown  in  Figure  34. 


Source:  SwRI 

FIGURE  34.  SCHEMATIC  OF  ANIMAL  EXPOSURE  APPARATUS 
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Each  test  was  conducted  with  ten  animals  which  were  selected 
without  sorting  from  stock,  placed  in  a  clean  group  cage  with  standard  labora¬ 
tory  food  and  water,  ad  libitum.  The  animals  were  allowed  to  acclimate  for 
not  less  than  1  hr  prior  to  testing.  No  survivor  of  any  test  was  utilized  again. 
All,  work  conducted  was  in  compliance  with  the  "Principles  of  Laboratory  Ani¬ 
mal  Care"  established  by  the  National  Society  for  Medical  Research. 

3.  Observations 

Test  animals  exposed  to  temperatures  of  38*C  (100*F)  or  higher 
temperature  (with  or  without  carbon  monoxide)  for  over  1  hr  showed  an  obvious 
pattern  of  activities  and  reactions  including  exploring,  nose  rubbing,  jumping 
(escape  attempts),  increased  respiration,  increased  heart  beat,,  defecating, 
micturating,  decreased  respiration,'  decreased  heart,  beat,  lethargy  and  theb 
death.  Those  exposed  to  38*-C  (100*F)  for  1  hr  with  no  carbon  monoxide  did 
not  die.  The  animals  exposed  to  carbon  monoxide  at  27*C  (80 *F)  showed 
some  similar  but  not  identical  reactions  including  exploring,  lethargy,  de¬ 
ceased  .respiration,  decreased  heart  beat  and  then  death. 

/:.  ,  -  From  experience,  the  time  of  death  was  noted  to  be  that  point 

where  respiration  and  heart  beats  were  no  longer  visible. *  The  results  of  the 
tests  are  shown  in  tabulated  form  in  Table  23; 

y\  -'  These  results  indicate  that  temperatures  of  38*  and  49* C  (100? 

and  l20#F)  are  quite  severe  on  the  mice  and  do  tend  to  overshadow  any 
effect  of  low  levels  of  carbon  nibnoxide  on  the  animals.  There  does  appear 
”  to  be  sharp  effect  of  heat  somewhere  between  27*  and  38*C  (80*  and  100*F). 

There  suits  fromthe  tests  at27^C(80*F)and  38*C  (100?F); 

/  suggest  that  there  is  a  eihhificant  isynergistic  effect  between  carbon  monoxide 
and heat.  At  27*C  (80*F)'with  0,.$ ^  percent  carbebmonoxide  In  air,  the  ten 
animals:  survived  an  average  of '0.  88  hr  in  |he}  chamber.  At  3.8  *'0  (100*F) 

carbon  monoxide,  the  animals  survived  an  average  of  1.  6  hours.  When 
:  -expose'dPtb.  a  combination  of  the  two,  i.  e.  t<  3 8 * C:  (#00* F )  and  0.  5  percent  / 
caarbon  monoxide  in  air,  the  animals  survived  an.ave  ra  ge  of  0;  13  hr  in  the 
chambers  This  "is  a  reduction  in.  the  average  time  of  death  of  over  670  per- 
centra  very  significant  effect^  ' 

A  control  experiment  was  later  run  at  27*G  (80*F)  with  no  car¬ 
bon:  monoxide,  and  the  animals  survived  a  full  10«>hr  exposure  in  the  chamber. 


U  k  o 

•  •  «A 

.OvvO*'»T  vs 

tNO  O 
*h  h» 


in  in 

nj  nf  rn  <n 


O-fc  in 

•  •  m  vO 

CO  O  .  "■** 

c*>  O  O  O 
*-«  >© 


in  m 

H  N  « 


Ohm 

t-  0  .0 

<M  oo 


in  m  oo 

-h  M  in 


rg  m 

oo  oo 


Ok© 

•  •  n  4} 

O^OJN 

^  nP  im 

«-h  m 


m 

o  -h 


H  M  IM 


O  k  O 
•  •  m  u* 
oo  o  ♦  "h 

PO  O  O  CO 
*h  m 


*h  nj  N  O  O  N 

i-*  **  **  nj  *h 


O  km  5 
•  •  « 
r-  o  o  o 

ol  00  PO 


O'  vO 

>-t  rsi  m 


in 

sO  o 


in  r\J 

O'  m 


U  In  o 

.  .  r- 

O'O 


in  m  in 

«Mfg<nV<nooO®a' 

^  m  <h  ^  N  N  pn  fO  ^ 


1 

h-r 

H-4 

X 

O  h 
•  • 

a  iH 

ni 

in 

(M 

** 

O' 

«H 

4f 

h* 

'O 

0 

1 

0 

hr 

00  0 
«  2  O 

CO 

*-• 

H 

•■4 

pH 

nj 

(M 

PM 

PO 

(M 

I 

~  /r  ~Z 

O 

2 

7*C 

0*  F 

0.  1 

O 

O 

m 

l  'A 

2 

rg  00 

in 

oor-mpomo'0'*rop^ 

r-r\jooMinr*0'0--*^ 

•H^MfsjnjnJfnfnfsl 


O  In  in  o 
•  •  O  00 
O'  O  .  ’"«* 

^  N  O  O 
vO 


po^^mo  r-  oo  oo  o  o 


O  !*■•  '  o 
•  ••  00 
00. 0-9  *-*• 
POT©  ‘1*  O 
*h°  f<> 


r\l  in 

00  oo 


-*  o 

NO 


Or.  m  o 
•  •  %!*><, 
£:  2  o  r 

N  00  |pv] 


O 

©  -h  in  », 

ro  N  * 


••••'• 


O  h  41  00 
•  •  C  '■O 
O'  ©  O 
^NZO 
^  in 


m  **  m  in  h»  r^  oo  oo  o'O'vO 


/-  - 

w. 

''  X  _ 

/  < 

H 

‘y< 

‘0 

w 

'\.  -  ‘ 

H, 

U 

%\s. 

W 

-  //<. 

Vn 

w 

U  (*i  #  N 
•’  •  C  CO 
>o  o 

-*  ~«  £  © 

~4  **  oo 


Ok  o  o 

•  •  c  vO 

00  ©  o 

pn  o  *2  in 


O  l»c  v  m 
•  •  e  *<o 
oo  o  o  ^ 
<n  ©  z  © 

pH  **  M 


o  k  s 
•  •  5 
t-  ©  o 

\N  »  Z 


«4*  f-  oo  •©  h  m  N  f*  f* 


sor^ooO'O'QO'Hin 


i  •  •  •’•  •  •  •  * 


O  k 


|&«a 

1  i°i 

HH#S 


■3  ”• 

g 


125 


(Blank  Page) 


IX.  CONCLUSIONS 


This  review  of  the  state-of-the-art  of  efforts  to  define  the  life  hazard 
in  mass  fires  leads  to  the  conclusions  presented  below: 

General 

(1)  Mass  fires,  both  conflagrations  and  firestorms,  are  as  yet  not 
well  defined  in  terms  of  wind  patterns,  pressures,  rate  of  spread, 
or  temperature  profile. 

(2)  The  nature  of  combustion  products  in  open  areas  within  a  mass 
fire  is  virtually  unknown  in  terms  of  both  concentration  and  time. 

(3)  The  protection  to  be  offered  within  a  mass  fire  environment 
from  the  heat,  noxious  gases,  and  smoke  by  various  shelter  con¬ 
figurations  (both  designated  and  nondesignated)  is  not  known 
specifically.  Fallout  shelters,  as  such,  cannot  be  expected  to 
afford  protection  against  mass  fires. 

Effects  of  Combustion  Products 

(4)  The  preponderance  of  opinion  t,  ate  recognizes  heat,  carbon 
monoxide,  and  possibly  anoxia  as  the  primary  causes  of  death 
in  mass  fires. 

(5)  Heat  is  considered  to  be  of  primary  importance  in  the  open.  In 
those  shelters  exposed  to  burning  or  smoldering  combustible 
material,  both  carbon  monoxide,  and  heat  are  considered  to  be 
of  primary  concern.  In  a  sealed  shelter,  internal  buildup  of 
carbon  dioxide  can  become  a  serious  hazard. 

(6)  The  physiological  effects  and  man's  limitations  to  short  term  ex¬ 
posures  of  carbon  monoxide  and  anoxia  are  fairly  well  established; 
however,  the  effects  or  limitations  of  long  term,  chronic  exposure 
to  carbon  monoxide  andanoxia  such  as  might  be  experienced  in  a 

'  shelter  stay  of  3  to  14  days  is  not  clearly  established. 

(7)  The  presence  of  noxious  gases  and  particulate  matter  in  the 
combustion  products  from  burning  materials  lias  been  well 
recognized  by  many  investigators;  however,  their  presence  in 
the  mass  fire  environment  and  resultant  effect  on  people  exposed 

>  is  virtually  unknown.  In  this  regard,  the  possible  synergistic 

effect  of  smoke  and  noxious  gases  in  combination  with  the  well 
4  recognized  hazard  of  carbon  monoxide,  heat,  and  anoxia  has 

,  been  considered  by  many  investigators  and  even  demonstrated 


experimentally  by  a  fev*.  The  true  significance  of  such  syner- 
gisms  has  not  been  defined  for  any  combination  of  factors,  even 
the  commonly.  recognized  "primary11  parameters  such  as  heat, 
carbon  monoxide,  and  anoxia. 


To  date,  the  primary  hazard  of  smoke  has  been  recognized  as 
visual  obscuration.  Significance  of  smoke  in  inducing  panic  and 
its  physiological  effect  when  inhaled  or  ingested  has  not  been 
studied,  but  it  is  suspected  by  some  to  be  a  serious  factor. 

It  is  extremely  difficult  to  draw  any  final  conclusion  as  to  the 
cause  of  death  in  past  fires  as  a  result  of  the  analytical  methods 
used  in  autopsies.  Many  deaths  are  determined  to  be  the  result 
of  carbon  monoxide  poisoning  without  considering  the  possible 
presence  of  other  noxious  gases  or  substances.  In  addition, 
the  respiratory  tract  has  not  been  carefully  studied  in  such 
victims  to  determine  the  cause  and  effect  of  any  chemical 
tracheitis  that  may  be  present. 


X.  RECOMMENDATIONS 


Further  study  is  required  to  establish  the  life  hazard  within  the  mass 
fire  environment.  The  following  recommendations  are  presented  to  accomplish 
this  objective. 

Recommendation  No,  1.  Studies  to  Further,  Define  the  Mass  Fire 
Environment 


There  is  need  for  more  information  on  the  nature  of  mass  fires, 
including  wind  patterns,  pressures,  temperature  profiles  and  gases.  It  is 
recommended  that  controlled  large  scale  burns  of  buildings  or  simulated 
buildings  be  developed  for  this  purpose.  As  an  alternate,  it  is  recommended 
that  attention  be  given  to  the  application  of  modeling  techniques  for  the  study 
of  mass  fires.  Combustible  models,  appropriately  scaled,  should  be  used 
so  that  all  parameters  of  the  problem  could  be  studied. 

Recommendation  No.  2.  Study  the  Production  and  Composition  of 

Combustion  Products 

Because  of  the  complex  nature  of  combustion  products  from  the  burn¬ 
ing  of  building  materials,  little  is  known  concerning  the  environment  to  be 
found  within  a  mass  fire.  Therefore,,  a  study  is  recommended  to  determine 
the  makeup  of  combustion  products,  both  qualitative  and  quantitative,  to  be 
found  in  a  typical  mass  fire  environment  in  relation  to  time.  Of  particular 
interest  in  such  a  study  would  be  the  production  of  smoke,  its  measurement, 
and  definition. 

It  is  recommended  that  this  study  be  first  conducted  utilizing  laboratory 
facilities  which  are  available.  Combustion,  conditions  are  reasonably  repro¬ 
ducible  from  one  run  to  another  which  gives  a  convenient  method  of  making 
duplicate  runs.  In  such  tests,  it  is  recommended  that  a  single  variable  such, 
as  ventilation  be  utilized  to  vary  the  burning  conditions  and  resultant  com¬ 
bustion  products. 

Recommendation  No.  3.  Study  the  Hazard  of  Chronic  Exposure  to 

Carbon  Monoxide  and  Anoxia 


Data  regarding  physiological  effects  of  human  exposure  to  carbon 
monoxide  and  anoxia  over  extended  periods  of  time  are  not  available  which  can 
be  used  to  define  their  effects  on  people  in  shelters  for  periods  up  to  14  da.fs. 
For  this  reason,  an  animal  study  is  recommended  to  define  the  threshold 
limits  of  carbon  monoxide  and  anoxia  for  long  term,  chronic  exposures  to  man. 
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Recommendation  No.  4.  Study  the  Hazard  of  Combustion  Products 
through  Animal  Tests  ~  - - - - 

Studies  of  the  physiological  effects  of  combustion  products  such 
as  carbon  monoxide,  heat,  and  anoxia  have  in  the  past  been  defined  sepa¬ 
rately.  A  program  is  recommended  to  study  the  significance  of  any  syner¬ 
gistic  action  that  may  result  from  a  combination  of  two  or  more  of  these 
variables.  This  study  should  include  the  effects  of  smoke  and  any  other 
significant  noxious  gases  to  be  found  in  the  first  part  of  these  recommenda¬ 
tions.  In  addition,  the  study  should  define  the  importance  of  a  stream  of 
noxious  gases,  each  of  which  may  be  insignificant  by  itself,  as  a  whole 
in  combination  with  the  recognized  carbon  monoxide,  heat,  and  anoxia 
hazard. 


It  is  not  suggested  that  precise  relationships  be  established  but  that 
only  the  significance  and  order  of  magnitude  of  the  various  relationships  that 
may  exist  within  a  mass  fire  environment  be  defined.  In  this  manner,  the 
more  important  synergistic  relationships  can  be  identified  and  evaluated  for 
further  study  if  necessary. 

Recommendation  No.  5.  Analysis  of  Body  Tissue  and  Blood 

The  causes  of  death  to  burn  victims  have  been  of  great  concern  to 
medical  science,  and  several  investigators  have  suggested  possible  reasons 
for  these  recurring  deaths.  These  suggestions,  based  on  years  of  experience, 
have  been  made  only  to  encourage  further  study  of  recognized  problem  areas. 
The  most  widely  recognized  cause  of  death  in  fires,  other  than  external  burns, 
is  the  inhalation  and  ingestion  of  combustion  products  which  include  all  types 
of  noxious  gases  and  smoke  (particulate  matter).  A  program  is  recommended 
in  conjunction  with  the  previous  two  recommendations  to  investigate  the  effects 
of  combustion  products  on  the  respiratory  mucosa  and  lungs  of  animals  after 
carefully  controlled  exposures.  Such  histopathological  studies  will  determine 
if  any  chemical  tracheitis  or  pathological  change  has  taken  place.  Such  a 
program  or  study  could  be  undertaken  on  a  national  basis  with  the  cooperation 
of  hospitals,  burn  centers,  coroners,  medical  examiners,  and  others  con¬ 
cerned  with  the  treatment  and  autopsies  of  burn  victims. 


130 


BIBLIOGRAPHY 


1.  Achenbach,  P.  R.  ,  "Environmental  Factors  in  a  Family-Size  Under¬ 
ground  Fallout  Shelter,"  National  Bureau  of  Standards,  Proceedings  of 
the  Meeting  on  Environmental  Engineering  in  Protective  Shelters, 

February  I960.  ~ 

2.  *Ad  Hoc  Panel  of  the  Committee  on  Pathology  of  the  National  Research 

Panel,"  Forty-One  Fatal  Burn  Injuries  ( 1950 - 1953),  11  Report  -  pamphlet 
no.  779,  Division  of  Medical  Sciences ,  NAS/ NRC,  Washington  25,  D.  C. 
about  1958. 

3.  *Ahlers,  E.  B. ,  "Debris  Clearance  Study,  "  IITRI,  Chicago,  Illinois, 

Contract  OCD-QS-62-202,  (AD  No.  422  319),  September  1963. 

4.  Albright,  G.  H.,  et  al.  ,  Guidebook  for  the  Planning  of  Integrated  Atomic 
Defense  Shelters  in  Selected  Military  Building  Types,  The  Pennsylvania 
State  University,  University  Park,  Pennsylvania,  p.  194,  (AD  No.  263  041), 
1 5  February  1961 . 

5.  Allen,  H.  S.  ,  "Closed  Dressing  Principle."  Symposium  on  Burns, 

NAS /NRC,  Washington,  D.  C.,  p.  4,  1951. 

6.  Ambrose,  J.  E.,  Commerford,  G.  E.  ,  "The  Study  and  Evaluation  of 
Absorption-Based  Cooling  Systems  for  use  in  Civil  Defense  Shelters," 
Report  Project  01-1580  SwRl,  San  Antonio,  Texas,  Contract  PCD -PS- 
64-201,  Work  Unit  1425A,  July  1964-1965. 

7.  *ASHRAE,  "Survival  Shelters, 11  Guide  and  Data  Book,  Chapter  30,  1964. 

8  *ASTM  Standards  in  Building  Codes,  "Tentative  Methods  of  Fire  Tests  of 
Door  Assemblies."  ASTM  Designation  E152-56T,  19 1 6  Race  Street, 
Philadelphia,  Penn.,  May  1958. 

9.  *  American  Standards  Association,  Allowable  Concentration  of  Carbon 

Monoxide,  New  York,  N.  Y.,  January  1941. 

10.  American  Standards  Association,  Allowable  Concentration  of  Hydrogen 
Sulfide,  New  York,  N.  Y. ,  January  1941. 

11  American  Standards  Assoeiation,  Maximal  Acceptable  Concentration 

of  Nitrogen  Dioxide,  New  York,  N.  Y.  ,  June  1962. 

12.  ^Anonymous,  "High-Rise  Fire,"  Firemen,  vol.  33,  no.  3,  pp.  26-27, 

March  1966. 

*An  asterisk  denotes  that  the  item  has  been  specifically  referenced  in  the  text. 


131 


13.  Anonymous,  "The  Stench  of  Death,  "  Journal  of  American  Medical 
Association,  Editorial,  vol.  196,  no.  11,  13  June  1966. 

14.  Asimov,  I.  ,  The  Human  Body,  Its  Structure  and  Operation,  Signet 
Science  Library  Book,  The  New  American  Library  of  World  Literature, 
New  York,  N.  Y. ,  pp.  166-172,  1963 

15.  Atlas,  R.  A.,  "Factors  Influencing  the  Fire  Effects  from  Thermal 
Radiation  Emitted  by  a  Nuclear  Detonation,"  The  Boeing  Company, 

Seattle,  Wash.  No.  D2-90236,  August  1962. 

16.  Autopsy  Manual,  Department  of  the  Army  TM  8-300,  Department  of  the 
Navy  NAVMED  P-5065,  Department  of  the  Air  Force,  AMF  160-19, 

July  I960. 

17.  Aviado,  D.  M.  ,  Jr.,  and  Schmidt,  C.  F.  ,  "Respiratory  Burns  with 
Special  Reference  to  Pulmonary  Edema  and  Congestion,"  Circulation, 
vol.  VI,  pp.  666-680,  Grune  &  Stratton,  Inc.,  New  York,  N.  Y.  , 
July-December  1952. 

18.  Baedeker,  K.  ,  "Northern  Germany,  11  Handbook  for  Travellers,  Chas. 
Scribner's  Sons,  New  York,  N.  Y.  ,  1904. 

19.  *Balke,  B.,  "Human  Tolerances,"  FAA,  pp.  11  and  13,  April  1962. 

20.  Balke,  B. ,  Carlton,  E.  M.  ,  Jr.,  and  Blake,  C.,  "Physiological  Stress 
and  Fatigue  in  Aerial  Missions  for  the  Control  of  Forest  Fires,  "  Aero¬ 
space  Medicine,  vol.  37,  no.  3,  pp.  221-227,  March  1966. 

21.  ’i'Baniecki,  H.,  "Hamburg  Raid  Report:  Report  on  the  Causes  of  Death  of 

the  Victims  of  the  Night  Air  Raid  on  Hamburg  from  July  25  to  August  3, 
1943,  "  23  November  1943,  Great  Britian,  Home  Office,  Office  of  the 
Chief  Scientific  Advisor,  CSA  Records  No.  A1 2 /I / 109  1 3B. 

22.  *Baniecki,  H.,  "Investigation  of  Deaths  on  the  Streets  During  a  Firestorm 

Report  on  Autopsies  Carried  Out  on  3  Bodies  after  the  Terror  Raid  on 
Bremen  on  18  &  19  August  1944,"  11  September  1944,  Great  Britain, 
Home  Office,  Office  of  the  Chief  Scientific  Advisor,  CSA  Records  No. 
A12/I/I0913C. 

23.  Beecher,  H.  K. ,  "Management  of  Cocoanut  Grove  Burns  at  the  Mass¬ 
achusetts  General  Hospital:  Resuscitation  and  Sedation  of  Patients  with 
Burns  which  include  the  Airway,  "  Annals  of  Surgery,  vol.  117,  no.  6, 
pp.  825-833,  June  1943. 

24.  *Benzaquin,  P.  ,  Holocaust!  ,  Henry  Holt  and  Co.  ,  New  York,  N.  Y.  , 

250  pp. ,  1959.  — 


132 


“ "  '  •  Blockley,  W.  V.,  and  Taylor,  C,  L.  ,  "Studies  of  Human  Tolerance  for 

Extreme  Heat,  "  Report  NCREXD-696- 1 13A,  USAF,  Wright-Patterson 
AFB,  Dayton,  Ohio,  202  pp. ,  1  November  1948. 

26.  -'Blockley,  W.  V.,  and  Taylor,  C.  L.  ,  "Studies  in  Tolerance  for  Extreme 

Heat,  "  2nd  Summary  Report,  AF  Technical  Report  5831,  Air  Materiel 
Command,  Wright-Patterson  Air  Force  Ease,  Ohio,  pp.  56-62, 

February  1950. 

27.  ^Blockley,  W.  V.,  and  Lyman,  J.  ,  "Studies  of  Human  Tolerance  for 

Extreme  Heat,  "  AF  Technical  Report  6022,  University  of  California, 
October  1950. 

28.  '•‘Blockley,  W.  V.,  and  Lyman,  J. ,  "Studies  of  Human  Tolerance  for 

Extreme  Heat,  "  AF  Technical  Report  6521,  University  of  California, 

May  1951.  — — ™ 

29 .  *Blockley,  W.  V. ,  and  Taylor,  C.  L.,  "Human  Tolerance  Limits  for 

Extreme  Heat,  "  Heating,  Piping  &t  Air  Conditioning,  vol.  31,  No.  5, 
pp.  111-116,  May  1959. 

30.  *Bond,  H.  [Ed.],  Fire  and  the  Air  War,  National  Fire  Protection  Associ¬ 

ation,  Boston,  Mass.,  262  pp. ,  1946. 

31.  Bone,  E. ,  7  Years1  Solitary,  Harcourt,  Brace  and  Co.,  New  York, 

N.  Y.  ,  256  pp. ,  1957. 

32.  *Bono,  J.  A.,  and  Breed,  B.  K.  ,  Study  of  Smoke  Ratings  Developed  in 

Standard  Fire  Tests  in  Relation  to  Visual  Observations,  Underwriter's 
Laboratories,  Inc.,  Bulletin  of  Research,  no.  56,  59  pp. ,  Northbrook, 
Ill. ,  April  1965. 

33.  Borum,  V.  F. ,  Schaefer,  K.  E.  ,  and  Hastings,  B.  J. ,  "The  Effect  of 
Exposure  to  Elevated  Carbon  Dioxide  Tension  Over  a  Prolonged  Period 
on  Basal  Physiological  Functions  and  Cardiovascular  Capacity,  " 

Report  No.  241,  Medical  Research  Laboratory,  vol.  13,  no.  2,  New 
London,  Conn.,  February  1954. 

34.  Bowman,  H.  L. ,  "Bombs  vs  Buildings,"  Engineering  News  Record, 
vol.  144,  no.  4,  pp.  24-27,  26  January  1956. 

35.  *Brand-Persson,  A.,  "Experiments  on  Air  Conditioning  in  Sealed  Rock 

Shelters,"  Paper,  Proceedings,  Environmental  Engineering  in  Protective 
Shelters,  22  pp. ,  NAS/NRC,  Washington,  D.  C. ,  February  I960. 


133 


Breysse,  P.  ,  "Clean  Air,  "  Firemen,  vol.  33,  no.  6,  pp.  22-24, 

June  1966. 

:>cBroido,  A.,  and  McMasters,  A.  W.,  "Effects  of  Mass  Fire  on  Personnel 
in  Shelters,  "  USDA  Technical  Paper  No.  50,  August  I960. 

*Broido,  A.,  "Mass  Fires  Following  Nuclear  Attack,  "  Bulletin  of  the 
Atomic  Scientists,  vol.  16,  no.  10,  December  I960. 

Broido,  A.,  "Surviving  Fire  Effects  of  Nuclear  Detonations,  "  Bulletin 
of  the  Atomic  Scientists,  vol.  19.  no.  3,  March  1963. 

Broido,  A.  ,  "Some  Problems  in  Fire  Research,  "  Reprint  from  Pyro- 
dynamics,  vol.  1,  pp.  27-40,  Gordon  and  Breach  Science  Publishers  Ltd., 
Printed  in  Northern  Ireland,  1964. 

Broido,  A. ,  "Effects  of  Fire  on  Major  Ecosystems,  "  Reprint  from 
"Ecological  Effects  of  Nuclear  War,"  BNL  917,  C-43,  G.  M.  Woodwell, 
Ed.,  Brookhaven  National  Laboratory,  Upton,  N.  Y. ,  1965. 

*Brooks,  J.  W. ,  "Low  Temperature  and  Radiation,  "  Symposium  on  Burns, 
NAS/  NRC,  Washington,  DU-  C.,  p.  4,  1951. 

Brown,  F.  W.,  and  Eliason,  A.  Y.  ,  "Protection  of  Exposed  Parts  of 
Shelters  Against  Thermal  Radiation  from  Megaton  Weapons,  "  U.  S. 

Naval  Civil  Engineering  Laboratory,  Technical  Report  R-I50,  19  pp. 
(AD-260  957),  28  July  1961. 

Brown,  T.  C. ,  Delaney,  R.  J. ,  and  Robinson,  W.  L. ,  "Medical  Identi¬ 
fication  in  the  NORONIC  Disaster,  "  Journal  American  Medical  Associ¬ 
ation,  vol.  148,  pp.  621-627,  23  February  1952. 

Browne,  F.  L. ,  "Theories  of  the  Combustion  of  Wood  and  Its  Control," 
Report  No.  2136,  70  pp. ,  Forest  Products  Laboratory,  Madison,  Wis., 
December  1958. 

*Bruce,  H.  D.,  "Experimental  Dwelling  Room  Fires,"  Report  No.  D1941, 
Forest  Products  Laboratory,  Madison,  Wis.,  June  1953. 

Bruce,  H.  D. ,  "Fires  Tests  in  Room  of  Dwelling  Give  Data  on  Gases, 
Temperature,"  Fire  Engineering,  vol.  107,  no.  5,  pp.  408-409,  1954. 

Bruce,  H.  D.,  Miniutti,  V.  P. ,  and  Downs,  L.  E. ,  Minimum  Short 
Pulse  Radiation  Energies  to  Ignite  Miscellaneous  Materials,  Forest 
Products  Laboratory,  Madison,  Wis.,  p.  14,  1  October  1955. 


134 


49.  Bruce,  H.  D.,  and  Downs,  L.  E.,  "A  Method  for  Estimating  Probable 
Ignitions  in  Interior  Fuels  by  Atomic  Weapon  Explosions,"  Survey  of 
Detroit  and  Boston,  AFSWP-340,  Forest  Products  Laboratory,  Forest 
Service,  U.  S.  Department  of  Agriculture,  February  1956. 

50.  Brunswig,  H.,"Fire  Protection  and  Air  Raid  Protection,"  Translation 
from  Brandschutz,  vol.  2,  no.  5,  pp.  94-102,  15  May  1957  by  F.  Tibbetts, 
National  Fire  Protection  Association,  Boston,  Mass.  23  pp. 

51 .  Brunswig,  H.  ,  "Deployment  Experiences  ofthe  Fire  Protection  Services,  vol.  Ill, 
Hamburg,  Germany,  1959  [  As  summarizedby  Sachs  and  Harris;  see  Ref.  (295))  . 

52.  *Buettner,  K.,  "Conflagration  Heat,  "  Chapter  8C,  8D,  and  1JA,  German 

Aviation  Medicine  World  War  II,  Office  of  The  Surgeon  General,  United 
States  Air  Force,  pp.  1167-1187,  1950. 

53.  *Buettner,  K. ,  "Effects  of  Extreme  Heat  on  Man  -  1.  Protection  of  Man 

Against  Conflagration  Heat,  "  USAF  School  of  Aviation  Medicine, 

Project  21-02-103,  February  1950. 

54.  *Buettner,  K. ,  and  Richey,  E.  O. ,  "Effects  of  Extreme  Heat 

on  Man  -  IV.  Mechanism  of  Heat  Transfer  in  an  Open  Gasoline  Fire,  " 

USAF  School  of  Aviation  Medicine,  Project  No.  21-26-002,  July  1951. 

55.  #Buettner,  K. ,  "Effects_pf  Extreme  Heat  on  Man  -  II.  Analysis  of 

Temperature  Changes  Caused  by  Different  Kinds  of  Heat  Application  to 
the  Skin,  "  USAF  School  of  Aviation  Medicine,  Project  No.  21-26-002, 
November  1951. 

56.  *Buettner,  K. ,  "Effects  of  Extreme  Heat  on  Man  -  III.  Surface  Temper¬ 

ature  Pain  and  Heat  Conductivity  of  Living  Skin  in  Experiments  with 
Radiant  Heat,  "  USAF  School  of  Aviation  Medicine,  Project  No.  21-26- 
002,  November  1951. 

57.  *Buettner,  K. ,  "Heat  Transfer  and  Safe  Exposure  Time  for  Man  in 

Extreme  Thermal  Environment,  "  ASME  Paper  No.  57-SA-20,  June  1957. 

58.  Bureau  of  Medicine  and  Surgery,  Submarine  Medicine  Practice,  Depart¬ 
ment  of  the  Navy,  NAVMED-P  5054,  United  States  Printing  Office, 
Washington,  D.  C.,  357  pp,  1956. 

59.  *Busch,  N.  F. ,  Two  Minutes  to  Noon,  Simon  and  Schuster,  N.  Y.  ,  191  pp. , 

1962. 

60.  Buskirk,  E.  R. ,  Iampietro,  P.  F. ,  and  Bass,  D.  E. ,  "Work  Performance 
after  Dehydration:  Effects  of  Physical  Conditioning  and  Heat,  "  Journal  of 
Applied  Physiology,  vol.  12,  pp.  189-194,  1958. 


135 


61. 


-Byram,  G.  M. ,  and  Nelson,  R.  M.,  "The  Possible  Relation  of  Air 
Turbulence  to  Erratic  Fire  Behavior  in  the  Southeast,  "  Fire  Control 
Notes,  vol.  12,  no.  3,  pp.  1-8,  1951. 

*Byram,  G.  M.,  "Atmospheric  Conditions  Related  to  Blowup  Fires," 
Southeast  Forest  Experiment  Station,  Paper  35,  p.  3,  1954. 

*Byram,  G.  M.  ,  Forest  Fire  Behavior:  In  Forest  Fire  Control  and  Use, 

C. K.P.  Davis,  ed,  McGraw-Hill  Book  Co.,  New  York,  pp.  90-124, 

1959. 

64.  #Byram,  G.  N.  ,  and  Martin,  R.  E.,  "Fire  Whirlwinds  in  the  Laboratory," 

Fire  Control  Notes,  vol.  23,  no.  1,  pp.  13-17,  1962. 

65.  Caidin,  M.,  A  Torch  to  the  Enemy,  Ballantine  Books,  New  York,  N.  Y., 
160  pp,  March  I960. 

66.  Carlson,  L.  D.,  "Human  Performance  under  Different  Thermal  Loads, 
Report  SAM  61-143  (School  of  Aerospace  Medicine,  Brooks  AFB,  Texas), 
March  1961. 

67.  Casey,  J.  F. ,  "New  York  Pioneers  with  Fire-Gas  Analyzer,"  Fire 
Engineering,  vol.  117,  no.  6,  pp.  444-445,  June  1964. 

68.  ^Chandler,  C.  C.,  Storey,  T.  G. ,  and  Tangren,  C.  D.,  "Prediction  of 

Fire  Spread  Following  Nuclear  Explosions,"  Pacific  SW  Forest  and 
Range  Experiment  Station,  Berkeley,  Calif.,  U.  S.  Forest  Service 
Research,  Paper  PSW -5,  p.  110,  1963. 

69.  ^Chandler,  C.  C. ,  "Fire  Spread  in  a  Rural  Area,  "  Symposium  on  Thermal 

Effects,  held  at  Dorking,  England,  September  1965,  DASA,  Washington, 

D.  C. 

70.  Chasmar,  L.  R.  ,  and  Woolhouse,  F.  M.,  "A  Review  of  the  Literature 
of  Burns  and  Wounds,  "  Canadian  Services  Medical  Journal,  vol.  13, 
pp.  1-31,  1957. 

71.  Chiles,  W.  D. ,  "Effects  of  Elevated  Temperatures  on  Performance  of  a 
Complex  Mental  Task,"  Ergonomics,  vol.  2,  pp.  89-96,  1958. 

72.  Claudy,  W.  D. ,  "Carbon  Monoxide  in  Fire  Fighting, 11  Firemen,  Parti, 
vol.  21,  no.  6;  Part  II,  vol.  21,  no.  7,  June  1954  and  July  1954. 

73.  Claudy,  W.  D.  ,  "Carbon  Monoxide,  "  Asphyxia  Medical  Journal,  U.  S. 
Armed  Forces,  vol.  6,  no.  9,  pp.  1315-1328,  September  1955. 


136 


74.  *Claudy,  W.  D.  ,  Respiratory  Hazards  of  the  Fire  Service,  National  Fire 

Protection  Association,  Boston,  Mass.,  134  pp.,  1957. 

75.  *Cohn,  B.  M.,  Almgren,  L.  E.,  and  Curless,  M. ,  "A  System  for  Local 

Assessment  of  the  Conflagration  Potential  of  Urban  Areas,  "  Report, 
Gage-Babcock  8t  Assoc.  Inc.,  Chicago,  Ill.,  OCD-PS-64-74,  Work 
Unit  2538A,  March  1965. 

76.  ^Coleman,  E.  H.,  "Physiological  Effects  of  Some  Gases  which  May 

Occur  in  Fires,  "  Plastics ,  vol.  23,  no.  10,  pp.  416-418,  1959. 

77.  ^Collins,  T.  A.,  "Determination  of  Human  Tolerances  to  Crash-Fire 

Heat  Exposures,  "  unpublished  paper. 

78.  Coman,  D.  R.  ,  et  al.  ,  "Studies  on  Experimental  Phosgene  Poisoning.  I. 
The  Pathologic  Anatomy  of  Phosgene  Poisoning  with  Special  Reference  to 
the  Early  and  Late  Phases,  "  The  American  Journal  of  Pathology,  vol.  23, 
Ann  Arbor,  Mich.,  1947. 

79.  ^Committee  on  Threshold  Limit  Values,  Documentation  of  Threshold  Limit 

Values,  revised  edition  American  Conference  of  Governmental  Industrial 
Hygienists,  Cincinnatti,  Ohio.  1966. 

80.  Conweil,  R. ,  History  of  the  Great  Fire  in  Boston,  B.  B.  Russell, 
Philadelphia,  Penn.,  312  pp,  ,1872. 

81.  Cope,  O.,  and  Rhinelander,  F.  W.  ,  "Management  of  Cocoanut  Grove 
Burns  at  the  Massachusetts  General  Hospital:  The  Problem  of  Burn 
Shock  Complicated  by  Pulmonary  Damage,  "  Annals  of  Surgery,  vol.  117, 
no.  6,  pp.  915-928,  June  1943. 

82.  ^Countryman,  C.  M.,  "Mass  Fires  and  Fire  Behavior,"  USFS  PSW-19, 

1964. 

83.  *Cromie,  R. ,  The  Great  Chicago  Fire,  McGraw-Hill  Book  Co.  ,  N.  Y., 

282  pp,  1958. 

84.  Davis,  H.  T.,  and  Kaufman,  W.  C.  ,  "Experimental  Determination  of 
the  Maximum  Safe  Thermal  Radiation  Loads  for  a  Fighter  -  Bomber 
Cockpit,  "  AFSC  AMRL-TR-64-139. 

85.  *  Da  vis,  J.  H.,  and  Abbot,  W7  E.,  "The  Pathology  of  Thermal  Burns  - 

Changing  Concepts,  "  Surgery,  vol.  40,  p.  18,  July-December  1956. 

86.  Davis,  W.,  Wall,  F.  J. ,  and  Summers,  D.  L. ,  "Development  of  Typical 
Urban  Areas  and  Associated  Casualty  Areas,  "  Report  DC-FR-1041, 
Dikewood  Corp. ,  Albuquerque,  N.  M.,  Contract  OCD-PS-64-47, 

April  1965. 


137 


87.  ’.'Degenkolb,  J.  G. ,  "Fire-Safe  Shelter  Design,"  Proceedings',  Symposium 

on  Protective  Structures  for  Civilian  Populations,  NAS/NRC, 

Washington,  D.  C.,  April  1965. 

88.  Derksen,  W,,  DeLhery,  G. ,  and  Monshan,  T.,  "Research  Report  on 
Reflectances  and  Absorptance  of  Human  Skin,  "  Naval  Material  Labora¬ 
tory,  N.  Y. ,  Naval  Shipyard  5046-3,  Part  54,  March  1955. 

89.  Desaga,  H. ,  "Experimental  Investigations  of  the  Action  of  Dust,  " 

German  Aviation  Medicine  World  War  II,  Office  of  the  Surgeon  General, 
United  States  Air  Force,  1950. 

90.  Design  and  Review  of  Structures  for  Protection  from  Initial  Thermal 
Radiation  and  Fire,"  POD,  PCD,  PSD-PM - 100 -3,  December  1963. 

91.  Doub,  H.  P.  ,  "Pulmonary  Changes  from  Inhalation  of  Noxious  Gases," 
Radiology,  vol.  21,  p.  8,  Radiological  Society  of  North  America,  1933. 

92.  Drapeau,  F.  J.  Jerome,  and  Baggette,  N.  V.,  "Mathematical 
Analysis  of  Temperature  Rise  in  the  Heat  Conduction  Region  of  an 
Underground  Shelter,  National  Bureau  of  Standards  Report  8663, 

April  1965. 

93.  ^Drinker,  D.  K. ,  Carbon  Monoxide  Asphyxia,  Oxford  University  Press, 

New  York,  N.  Y.  ,  p.  276,  1938. 

94.  *Drinker,  C.  K. ,  and  Cannon,  W.  B. ,  "Carbon  Monoxide  Asphyxia:  The 

Problem  of  Resuscitation,  "  Abstract  of  the  Literature  of  Industrial 
Hygiene,  vol.  4,  p.  12,  Harvard  Medical  School,  Boston,  Mass., 

April  1963. 

95.  #Dufour,  R.  E. ,  "Survey  of  Available  Information  on  the  Toxicity  of  the 

Combustion  Products  of  Certain  Building  Materials  under  Fire  Conditions, 
Underwriters  Laboratories,  Bulletin  of  Research  No.  53,  Northbrook, 

Ill. ,  July  1963. 

96.  Dufour,  R.  E.  ,  "Toxicity  of  Combustion  and  Thermal  Decomposition 
Products  of  Certain  Building  Materials,  "  National  Fire  Protection  Asso¬ 
ciation  Quarterly,  vol.  58,  no,  1,  p.  6,  Boston,  Mass.,  July  1964. 

97.  Duggar,  B.  M. ,  Biological  Effects  of  Radiation,  vols.  land  2,  1936. 

98.  *Earp,  K.  F.  ,  "Deaths  from  Fire  in  Large  Scale  Air  Attack  with  Special 

Reference  to  the  Hamburg  Fire  Storm,  "  Great  Britain  Home  Office, 
Scientific  Advisers'  Branch,  Report  No.  CD/SA  28,  1953. 


138 


99.  ^Easton,  W.  H.  ,  "Smoke  and  Fire  Gases,"  Industrial  Medicine,  vol.  11, 
p.  3,  1942. 

100.  *Easton,  W.  H.  ,  "Irritating  Vapors  Produced  by  Burning  Cellulosic 

Materials,"  The  Journal  of  Industrial  Hygiene  and  Toxicology,  vol.  27, 
no.  8,  pp.  211-216,  October  1945. 

101.  *Ebert,  C.  H.  V.,  "Hamburg's  Firestorm  Weather, 11  National  Fire  Pro¬ 

tection  Association  Quarterly,  vol.  56,  no.  3,  January  1963. 

102.  *Edmunds,  J.  E.,  Wiehle,  C.  K. ,  and  Kaplan,  K. ,  "Structural  Debris 

caused  by  Nuclear  Blast,  "  Report  639-4  URS  Corp. ,  Burlingame, 

Calif.  (AD  No.  450  115),  October  1954. 

103.  Eggleston,  L.  E.  Pryor,  A.  J.  ,  Weatherford,  W.  D.  ,  and  Yuill, 

C.  H.  ,  "The  Use  of  Models  for  the  Investigation  of  Fire  Spread,  " 

Report  Project  03 -1684,  SwRI,  San  Antonio,  Texas,  Contract 
DASA,  No.  DA49- 146-XZ-346,  October  1965. 

104.  Elm,  E.  E.,  Thomas,  F.  C.  ,  Matthews,  W.  D.,  Report  of  Chicago  Fire 
of  March  1  5,  1922,  Chicago  Board  of  Underwriters,  27  pp,  15  May  1922. 

105.  Emmons,  H.  W .,  "Fundamental  Problems  of  the  Free  Burning  Fire," 

Fire  Research  Abstracts  and  Reviews,  vol.  8,  no.  1,  pp.  1-17,  1966. 

106.  *Evans,  E.  C. ,  III,  and  Tracy,  E.  T.,  "Observations  of  Mass  Fire  460-14 

at  Mono  Lake,  "  USNRDL-LR- 1 58,  24  January  1966. 

107.  Everett,  M.  ,  The  Great  Chicago  Theater  Disaster,  copyright  1904 
by  D.  B.  McCurdy,  Publishers  Union  of  America,  368  pp. ,  1904. 

108.  *Fackler,  J.  P. ,  "Fire  and  Smoke  Invasion  of  Apartments -Studies  in 

a  Large  Sized  Apartment  Building,  "  Symposium  on  Fire  Test  Methods, 
June  1966,  American  Society  for  Testing  and  Materials,  Atlantic  City, 

N.  J. 

109.  Federal  Civil  Defense  Administration,  "Civil  Defense  Urban  Analysis," 
Technical  Manual  8-1,  Washington,  D.  C.  ,  July  1953. 

110.  Fenn,  R. ,  and  Petriw,  A.,  "Atmospheric  Transmission  of  Thermal 
Radiation,  "  Paper,  Symposium  on  Thermal  Effects,  held  at  Dorking, 
England,  October  1964,  DASA,  Washington,  D.  C. ,  September  1965. 

111.  #Fineberg,  C.  et  al. ,  "Thermal  Burns  of  the  Respiratory  Tract," 

Surgery,  Gynecology  and  Obstetric b,  vol.  98,  p.  6,  The  Franklin  H. 
Martin  Memorial  Foundation,  Chicago,  Ill.,  January-June  1954. 


139 


112.  ^-Finland,  M.,  Davidson,  C.  S. ,  and  Levenson,  S.  M.,  "Clinical  and 

Thsrapeutic  Aspects  of  the  Conflagration  Injuries  to  the  Respiratory- 
Tract  Sustained  by  Victims  of  the  Cocoanut  Grove  Disaster," 

Medicine,  vol.  25,  The  Williams  &  Wilkins  Company,  Baltimore,  Md. , 
1946. 

113.  Finland,  M. ,  "Respiratory  Injuries  in  Man  Resulting  from  Severe 
Burns,"  Symposium  on  Burns,  NAS/NRC,  Paper,  Washington,  D.  C. , 

1951. 

114.  Fish,  A.,  Franklin,  N.  H.  ,  and  Pollard,  R.  T.,  "Analysis  of  Toxic 
Gaseous  Combustion  Products,  "  Journal  of  Appl.  Chem.  ,  vol.  13, 
no.  11,  pp.  506-509,  November  1963. 

115.  Fitzpatrick,  J.  C.,  "Unclassified  Aspects  of  Nuclear  Weapon  Charac¬ 

teristics,  Effects,  and  Capabilities,  "  paper  presented  at  the  Annual 
Meeting  of  the  Radiological  Society  of  North  America,  Chicago,  Ill. , 
December  1,  1964.  _ 

116.  Forsythe,  W.  E.,  [Ed]  Measurement  of  Radiant  Engery,  McGraw-Hill, 

N.  Y.  452  pp.  ,  1937. 

117.  Franz,  Grosse -Brockhoff,  "Pathologic  Physiology  and  Therapy  of  Hypo¬ 
thermia,  "  German  Aviation  Medicine  World  War  II,  Office  of  The 
Surgeon  General,  United  States  Air  Force,  pp.  828-P42,  1950. 

118.  Gates,  A.  S.,  Jr.,  "Submarine  Atmosphere  Control  Prob'ems  and 
Methods,  "  Proceedings,  Environmental  Engineering  in  Protective 
Shelters,  NAS/NRC,  Washington,  D.  C.,  February  I960. 

119.  "Germany,  "  The  Nagel  Travel  Guide  Series,  McGraw-Hill  Book  Company, 
New  York,  N.  Y. ,  864  pp.  ,  1949. 

120.  Gellhorn,  E.,  Letter  to  the  Editor,  Nature,  pp.  700-701,  25  April,  1936. 

121.  *Gellhorn,  E.,  "The  Influence  of  Carbon  Dioxide  in  Combating  the  Effect 

of  Oxygen  Deficiency  on  Psychic  Processes  with  Remarks  on  the 
Fundamental  Relationship  between  Psychic  and  Physiologic  Reactions,  " 
The  American  Journal  of  Psychiatry,  vol.  93,  no.  4,  pp.  1413-1434, 
January  1937. 

122.  *Gettler,  A.  O. ,  "The  Toxicologist  as  a  Crime  Detector,"  Pennsylvania 

Medical  Journal,  vol.  51,  p.  6,  1948. 

123.  Glantz,  W.  M. ,  et  al,  "Carbon  Monoxide  Determination  in  Aircraft 

Accident  Fatalities."  Aerospace  Medicine,  vol.  91,  no.  10,  p.  5, 

October  1959. 


140 


124.  Goldbaum,  L.  R.  ,  et  al. ,  "Carbon  Monoxide  in  Fatal  Aircraft  Victims," 
Aerospace  Medicine,  vol.  30,  pp.  711-715,  October  1959. 

125.  Goodale,  T.  C.  ,  Hawkins,  M.  B.,  and  Willoughby,  A.  B. ,  "Feasibility 
of  Active  Countermeasures  for  Thermal  Radiation  Effects  of  Nuclear 
Weapons,  "  Report  by  United  Research  Services,  Burlingame,  Calif. , 

1 19  pp. ,  July  1963. 

126.  Graeff,  S. ,  Tod  im  Luftangriff,  H.  H.  Noelke  Co.,  Hamburg,  Germany, 
1955. 

127.  *Graham,  H.  E. ,  "A  Fire  Whirlwind  of  Tornadic  Violence,  "  Fire  Control 

Notes,  vol.  13,  no.  2,  pp.  22-24,  1952. 

128.  *Graham,  H.  E. ,  "Fire  Whirlwind  Formation  as  Favored  by  Topography  and 

Upper  Winds,"  Fire  Control  Notes,  vol.  18,  no.  1,  pp.  20-24,  1957. 

129.  Gregg,  D.  E.,  "Homeostasis  of  the  Arterial  Circulation,"  Man's 
Dependence  on  the  Earthly  Atmosphere,  The  MacMillan  Company, 

N.  Y.,  1962. 

130.  Grinberg,  I.  M.,  and  Putnam,  A.  A.,  "A  Model  Study  of  the  Interaction 
Effects  of  Mass  Fires,  "  Report  BMI,  Columbus,  Ohio,  Contract 
QCD-05-62-89,  September  1964. 

131.  ♦Gross,  D.,  Loftus,  J.  J. ,  and  Robertson,  A.  F. ,  "A  Method  for 

Measuring  Smoke  from  Burning  Materials,  "  Symposium  on  Fire  Test 
Methods,  American  Society  for  Testing  and  Materials,  Atlantic  City, 

N.  J. 


132.  *Gross,  W.  E. ,  "Preventing  Contamination  of  Shelters  by  Chemical, 

Biological,  and  Radiological  Weapons  Systems,  "  Proceedings,  Environ¬ 
mental  Engineering  in  Protective  Shelters,  NAS/NRC,  Washington,  D.  C. , 
February  I960. 

133.  Groth,  H.,  and  Lyman,  J. ,  "Measuring  Performance  Changes  in  Highly 
Transient  Extreme  Heat  Stress:  Natural,  Problem  and  Experimental 
Procedures,"  AMRL-TDR-63-1 ,  Aerospace  Medical  Division,  January 
1963. 

134.  Grumer,  J. ,  and  Strasser,  A.,  "Uncontrolled  Fires  -  Specific  Burning 
Rates  and  Induced  Air  Velocities,  Fire  Technology,  vol.  1,  no.  4, 

pp.  256-268,  November  1965. 

135.  Grut,  Aage,  Chronic  Carbon  Monoxide  Poisoning,  Copenhagen,  E. 
Munksgaard,  1949. 


141 


13b. 


Hagen,  Rose,  Baniecki,  H. ,  "Hamburg  Raid  Report  Part  II:  Medical 
Report  on  the  Dangers  of  an  Outbreak  of  Epidemics  Due  to  the  Presence 
of  Dead  Bodies,"  August/Seplember  1943,  Translated  from  Appendix  15 
in  Volume  II  of  Police  President's  report  on  Hambtirg  raids  July/ 

August  1943. 

137.  *  Haldane,  J.  S. ,  Respiration,  493  pp. ,  New  Haven,  Yale  University 

Press,  1935. 

138.  Halpern,  C.,  and  Ruegg,  F.  W.,  "A  Study  of  Sampling  of  Flame  Gases," 
Journal  of  Research  of  the  National  Bureau  of  Standards,  vol.  60,  no.  1, 
pp.  29-37,  January  1958. 

139.  ^Hamilton,  A.,  and  Hardy,  H.  L.  ,  Industrial  Toxicology,  2nd  Edition, 

Hoeber,  N.  Y.  ,  pp.  219-249,  1949. 

140.  Hanifin,  F. ,  "Under  Fire  Conditions  will  Plastics  Emit  Toxic  Fumes?" 

Fire  Engineering,  vol.  112,  no.  5,  pp.  380-382  and  417,  May  1959. 

141.  *  Hardy,  J.  D. ,  Physiological  Problems  in  Space  Exploration,  C.  Thomas, 

Springfield,  Ill.  ,  1964. 

142.  Hasbrook,  H.  A.,  Garner,  J.  D.  ,  and  Snow,  C.  C. ,  "Evacuation  Problems 
of  Denver  Jet  Crash,  "  National  Fire  Protection  Association  Quarterly, 
vol,  56,  no.  2,  pp.  101-109,  October  1962. 

143.  *  Hastings,  B.  K. ,  Schaefer,  K.  E.,  Nichols,  G. ,  Jr.,  and  Carey,  C.  R. , 

"Effects  of  Prolonged  Exposure  to  Elevated  Concentration  of  Carbon 
Dioxide  Tension  and  Lung  Volume,  "  Report  No.  250,  U.  S.  Naval 
Medical  Research  Laboratory,  vol.  13,  no.  11,  p.  10,  14  June  1954. 

144.  *  Hawker,  J.  B. ,  Young,  O.  C. ,  "Investigation  of  the  Fire  Damage 

Caused  by  the  Atomic  Bomb  at  Hiroshima  and  Nagasaki,  "  RE  Note  567, 
British  Ministry  of  Home  Security  Research  and  Experiments  Department, 
British  Mission  to  Japan,  London,  January  1950. 

145.  Heiskell,  R.  H.,  "Environmental  Studies  of  a  100-Man  Underground 
Shelter,"  USNRDL-TR-618,  p.  77,  San  Francisco,  Calif.,  August  1963. 

146.  Henderson,  Y. ,  "Carbon  Monoxide  Poisoning,  "  Journal  American 
Medical  Association,  p.  3,  19  August  1916. 

147.  Henderson,  Y.,  Haggard,  H.  W.,  Teague,  M.  C.  ,  Prince,  A.  L.  ,  and 
Wunderlich,  R.  M.,  "Physiological  Effects  of  Automobile  Exhaust  Gas 
and  Standards  of  Ventilation  for  Brief  Exposures,  "  Journal  of  Industrial 
Hygiene,  vol.  3,  no.  3,  p.  14,  July  1921. 


142 


148.  Henderson,  Y.  ,  "Lack  of  Evidence  for  Chronic  Carbon  Monoxide 
Poisoning,  and  Beck,  H.  G. ,  Reply  Letter,  "Correspondence,  " 

Journal  American  Medical  Association,  pp.  796-797,  31  August  1940. 

149.  -'Henderson,  Y.  ,  and  Haggard,  H.  W.,  Noxious  Gases  and  the  Principal 

of  Respiration  Influencing  Their  Action,  2nd  Rev.  Ed.,  Reinhold,  N.  Y., 

I943] 

150.  *Henriques,  F.  C.  ,  Jr.,  and  Moritz,  A.  R.  ,  "Studies  of  Thermal 

Injury.  I.  The  Conduction  of  Heat  to  and  Through  Skin  and  the 
Temperatures  Attained  Therein.  A  Theoretical  and  an  Experimental 
Investigation,  11  The  American  Journal  of  Pathology,  vol.  23,  p.  18,  1947. 

151.  Henriques,  F.  C.  ,  Jr.,  "The  Studies  of  Thermal  Injury  V.  The  Pre¬ 
dictability  and  the  Significance  of  Thermally  Induced  Rate  Processes 
Leading  to  Irreversible  Epidermal  Injury,  "  Archives  of  Pathology, 
vol.  43,  p.  14,  1947. 

1 52.  *Hill,  J.  E. ,  "Problems  of  Fire  in  Nuclear  Warfare,"  Report  No. 

P-241 4,  The  Rand  Corp.  ,  August  1961. 

153.  *Hissong,  J.  E.  ,  "Whirlwinds  at  Oil-Tank  Fire,  San  Luis  Obispo, 

California,  "  Monthly  Weather  Review,  April  1926. 

154.  Holbrook,  S.  H.  ,  Burning  an  Empire,  Macmillan  Co.  ,  N.  Y.,  1943. 


155.  Ingersoll,  L,  R.  ,  Zobel,  O.  J. ,  and  Ingersoll,  A.  C.,  Heat  Conduction 
McGraw-Hill  Book  Company,  N.  Y.  ,  1948. 

156.  Irving,  D.,  The  Destruction  of  Dresden,  Holt  Rinehart,  Winston,  Chicago, 
Ill.,  1964. 

157.  Jacobs,  M.  B. ,  Analytical  Chemistry  of  Industrial  Poisons,  Hazards 
and  Solvents,  Interscience  Publishers,  Inc.,  N.  Y.,  788  pp,  1949. 

158.  Jewell,  W.  S.  ,  and  Willoughby,  A.  B.,  "A  Study  to  Analyze  and  Improve 
Procedures  for  Fire  Damage  Assessment  Following  Nuclear  Attack," 
Report,  BRC  167-1,  Broadview  Research  Corp.,  Burlingame,  Calif., 
(AD-286  943),  October  I960. 

159.  *  Johnson,  J.  E.  ,  and  Ram  skill,  E.  A.,  "Fire  and  Noxious  Gases:  Effect 

on  Internal  Environments  of  Protective  Shelters,  "  Proceedings,  Symposium 
on  Protective  Structures  for  Civilian  Populations,  NAS /NR  C,  Washington, 
D.  C.  ,  April  1965. 

160.  Joint  Fire  Research  Organization,  Fire  Research  1964,  Ministry  of 
Technology  and  Fire  Officers  Committee,  London,  1965. 


143 


161.  Juillerat,  E.,  Jr.,  "The  Hartford  Hospital  Fire,  "  National  Fire  Pro  - 
tection  Association  Quarterly,  vol.  55,  no.  3,  pp.  3-10,  January  1962. 

162.  Kahn,  H.  ,  On  Thermonuclear  War,  Princeton  University  Press, 

Princeton,  N.  J.  ,  I960. 

163.  Kaufman,  W.  C.,  Swan,  A.  G. ,  and  Davis,  H.  T.,  "Skin  Temperature 
Responses  to  Simulated  Thermonuclear  Flash,"  ASD  Technical  Report 
61-510,  Aeronautical  Systems  Division,  Wright -Patter son  AFB,  Ohio, 
September  1 96 1 . 

164.  *Kehrl,  "Report  by  the  Police  President  and  Local  Air  Protection 

Leader  of  Hamburg  on  the  Large  Scale  Raids  on  Hamburg  in  July  and 
August  1943,  "  December  1943,  reprint  by  Office  of  Civil  Defense, 
Washington  25,  D.  C.  ,  1966. 

165.  *Kehrl,  "Experiences  in  the  Building  of  Air  Raid  Shelters,  "  translated  from 

Report  by  the  Police  President  and  Local  Air  Protection  Leader  of 
Hamburg  on  the  Large  Scale  Air  Raids  on  Hamburg  in  July  and  August 
1943,  by  SRI,  Menlo  Park,  Calif.,  40  pp.  ,  1966. 


166.  ^Kennedy,  J.  C. ,  The  Great  Earthquake  and  Fire,  San  Francisco,  1903, 

William  Morro  v  and  Co. ,  N.  Y. ,  p.  276,  1963. 

167.  #Keplinger,  M.  L.  ,  Lanier,  G.  E.,  and  Deichmann,  W.  B. ,  "Effects  of 

Environmental  Temperature  on  the  Acute  Toxicity  of  a  Number  of 
Compounds  in  Rats,  "  Toxicology  and  Applied  Pharmacology,  vol.  1,  p.  6, 
Academic  Press,  New  York_and  London,  1959. 

168.  King,  E.  R. ,  "Survival  In  Nuclear  Warfare,  "  Clinical  Symposia,  vol.  14, 
no.  1,  January,  February  and  March,  1962. 

169.  *Kingman,  F.  E.  T.,  Coleman,  E.  H. ,  and  Rasbash,  D.  J. ,  "The  Products 

of  Combustion  In  Burning  Buildings,  "  Journal  of  Applied  Chemistry, 
vol.  3,  pp.  463-468,  October  1953. 

170.  Kogon,  E.,  The  Theory  and  Practice  of  Hell,  vol.  7,  Farrar,  Straus  & 
Company,  New  York,  N.  Y.,  1946. 

171.  Koller,  L.  R.,  Ultraviolet  Radiation,  2nd  Ed.,  J.  Wiley,  N.  Y. ,  312  pp., 
1965. 

172.  *  Korenevs kaya,  E.  J. ,  "The  Effect  of  High  Temperature  on  the  Toxicity 

of  Carbon  Monoxide,  "  translation  of  Gigiena  i  Sanitariya,  no.  9,  p.  19, 

1955  in  "USSR  Literature  on  Air  Pollution  and  Related  Occupational 
Diseases,"  vol.  1,  a  survey,  by  B.  S.  Levine,  TT  60-20149,  U.  S. 

Office  of  Technical  Services,  Washington  25,  D.  C. 


144 


1 


173.  -‘Kraines,  S.  H. ,  "The  Correlation  of  Oxygen  Deprivation  with  Intelligence, 

Constitution,  and  Blood  Pressure,  "  American  Journal  of  Psychiatry, 
vol.  93,  no.  4,  pp.  1435-1446,  January  1937. 

174.  Ladell,  W.  S.  S. ,  "Physiological  Observations  on  Men  Working  ir. 
Supposedly  Limiting  Environments  in  a  West  African  Gold-Mine,  " 

British  Journal  of  Industrial  Medicine,  vol.  12,  pp.  111-125,  Hazell, 
Watson  &  Viney,  Ltd.  ,  London  and  Aylesbury,  1955. 

175.  Laurens,  H.,  The  Physiological  Effects  of  Radiant  Energy,  The  Chemical 
Catalog  Co.,  N.  Y.,  610  pp.,  1933. 

176.  *Law,  M.  ,  "Heat  Radiation  from  Fires  and  Building  Separation,"  Joint 

Fire  Research  Organization,  Fire  Research  Technical  Paper  No.  5, 
London,  1963. 

177.  Lawson,  D.  I.,  "Fire  and  the  Atomic  Bomb,"  Fire  Research  Bulletin 
No.  1,  Department  of  Scientific  and  Industrial  Research  and  Fire  Offices 
Committee,  1954. 

178.  Lazarus,  R.  S. ,  Deese,  J.,  and  Osier,  S.  F.,  "The  Effects  of  Psy¬ 
chological  Stress  Upon  Performance,  "  Psychological  Bulletin,  vol.  29, 

24  pp. ,  1952. 

179.  *Leasor,  J. ,  The  Plague  and  the  Fire,  Avon  Book  Division,  The  Hearst 

Corporation,  New  York,  N.  Y. ,  189  pp.  1961. 

180.  Leithead,  C.  S. ,  Lind,  A.  R. ,  Heat  Stress  and  Heat  Disorders,  F.  A. 
Davis,  Philadelphia,  Penn.  ,  1964. 

181.  *Leutz,  H.,  "Test  Results  in  Continuously  Occupied  Shelters,  "  Proceed¬ 

ings  of  the  Meeting  on  Environmental  Engineering  in  Protective  Shelter, 
NAS/NRC  Washington,  D.  C.,  February  I960. 

182.  *Leutz,  H.,  "Fireproof  Shelters  with  Secured  Ventilating  Systems,  " 

Proceedings,  Symposium  on  Protective  Structures  for  Civilian  Popu¬ 
lations  ,  NAS/NRC,  Washington,  D.  C.  ,  April  1965. 

183.  *Leutz,  H. , 'Possibilities  of  Occurrence  of  Area  Conflagrations  and 

Firestorms  with  Respect  to  Fuel  Density,"  Proceedings  of  the  Symposium 
on  Protective  Structure  for  Civilian  Populations,  NAS/NRC,  Washington, 
D.  C. ,  April  1965. 

184.  *  Levin,  M.  "Observations  on  the  Treatment  of  Smoke  Poisoning,  "  Fire 

Engineering,  vol.  116,  no.  1,  pp.  45,  January  1963. 

185.  Lewis  B.  and  von  Elbe,  G. ,  Combustion  Flame,  and  Explosions  of  Gases, 
2nd  Edition,  Academic  Press,  N.  Y.,  731  pp,  1961. 


145 


186. 


Lind,  A.  R.  ,  Hellon,  R.  F.  ,  Weiner,  J.  S.  and  Jones,  R.  M., 

'  Tolerance  of  Men  to  Work  in  Hot,  Saturated  Environments  with 
Reference  to  Mines  Rescue-Operations,"  British  Journal  of  Industrial 
Medicine,  vol.  12,  pp.  296-303,  1955. 

187.  *Lindenberg,  R. ,  et  al. ,  "An  Experimental  Investigation  in  Animals 

of  the  Functional  and  Morphological  Changes  from  Single  and  Repeated 
Exposure  to  Carbon  Monoxide,"  Unpublished  paper. 

188.  Lipkin,  M.,  Bailey,  O. ,  and  Hardy,  J.  D.,  "Effect  of  Ultraviolet  Radi¬ 
ation  upon  the  Cutaneous  Pain  Threshold,  "  Journal  of  Applied  Physi¬ 
ology,  vol.  7,  no.  6,  pp.  683-687,  May  1955. 

189.  ^Lochbaum,  Jerry,  "Carbon  Dioxide  Isn't  So  Bad,  "  Item,  San  Antonio 

Evening  News,  March  4,  1966. 

190.  Lommasson,  T.  E. ,  "Nuclear  War  and  the  Urban  Fire  Problem,  " Report 
DC-TN-1040-1,  Dikewood  Corp.  ,  Albuquerque,  N.  M.,  Contract  OCD- 
PS-64-16,  February  1964. 

191.  *Lommasson,  T.  E. ,  "Fire  Casualty  Study,"  Report  DC-WP-1040-1, 

Corporation,  Albuquerque,  N.  M.,  Contract  OCD-PS-64-16,  June  1964. 

192.  Lommasson,  T.  E.,"An  Approach  to  Evaluation  of  Fire  Defense  Doctrines 
and  Policies," Report  DC-WP-1050-1.  Dikewood,  Corp.  Albuquerque, 

N.  M.  ,  Contract  OCD-PS-65-63,  March  1965. 

193.  Lommasson,  T.  E. ,  "Survey  of  Fuel  Arrays  Ignitable  by  a  Nuclear 
Weapon  Thermal  Pulse,  "  Final  Report,  Dikewood  Corporation, 
Albuquerque,  N.  M.,  Contract  PCD  No.  2534C,  T.O.  No.  65-200(58), 
February  1966. 

194.  Lorenz,  W.  F. ,  "Use  of  Carbon  Dioxide  in  Dementia  Praecox,  " 

The  Biology  of  Mental  Health  and  Disease,  pp.  568-572,  27th  Annual 
Conference  of  the  Milkbank  Fund,  Published  by  Paul  B.  Hoeber,  Inc., 
1952. 

195.  *Los  Angeles  Fire  Department,  Official  Report:  Operation  School 

Burning,  269  pp,  National  Fire  Protection  Association,  Boston,  Mass. 
1959. 

196.  *Los  Angeles  Fire  Department,  Official  Report:  Operation  School 

Burning  No.  2,  352  pp.  ,  National  Fire  Protection  Association,  Boston, 
Mass.,  1961. 


146 


197. 


Los  Angeles  Fire  Department,  "Fire  Detection  Systems  in  Dwellings," 
National  Fire  Protection  Association  Quarterly,  vol.  56,  no.  3, 
pp.  201-215,  January  1963. 

198.  -'-Macaulay,  'Lord  Clive,  "  Essays  on  Clive  and  Hastings,  Ginn  a.id 

Company,  Boston,  Mass.,  pp.  23-25,  1910.  . . 

199.  ^Mallory,  T.  B.,  and  Brickley,  W.  S.  ,  "Management  of  Cocoanut 

Grove  Burns  at  the  Massachusetts  General  Hospital:  Pathology,"  Annals 
of  Surgery,  vol.  117,  no.  6,  pp.  865-884,  June  1943.  ~  ~~ 

200.  ^Martin,  S.  B.  ,  "The  Mechanism  of  Ignition  of  Celluloeic  Materials  by 

Intense  Thermal  Radiation,  "  USNRDL,  Report  TR-I02,  San  Francisco, 
Calif.  ,  February  1956. 

201.  Martin,  S.  B. ,  "On  Predicting  the  Ignition  Susceptibility  of  Typical 
Kindling  Fuels  to  Detonations,  "  Technical  Report  367,  USNRDL,  San 
Francisco,  Calif.,  April  1959. 

202.  Martin,  S.  B.  ,  and  Broido,  A.,  "Thermal  Radiation  and  Fire  Effects  of 
Nuclear  Detonations,  "  Report  USNRDL-TR-652,  San  Francisco,  Calif. , 
Contract  DASA1376,  May  1963. 

203.  Martin,  S.  B. ,  "Diffision-Controlled  Ignition  of  Celluloeic  Material  by 
Intense  Radiant  Energy,  "  10th  Symposium  (Inti)  on  Combustion,  1965 

204.  ^Martin,  S.  B. ,  "Ablation  Response  of  Cellulosic  Materials  to  High 

Radiant  Heat  Loads,  "  Pyrodynamics,  vol.  2,  1965. 

205.  Martin,  S.  B. ,  and  Holton,  S. ,  "Preliminary  Computer  Program  for 
Estimating  Primary  Ignition  Ranges  for  Nuclear  Weapons,  "  Report 
USNRDL-TR-866,  San  Francisco,  Calif.  Contract  PCD  Subtask  2533A, 

3  June  1965. 

206.  ❖Martin,  T.  L. ,  and  Latham,  D.  C.  ,  Strategy  for  Survival,  The  Univer¬ 

sity  of  Arizona  Press,  Tucson,  Arizona,  1963. 

207.  Macfarlane,  C.  J. ,  "Some  Considerations  in  Predicting  Fires  Produced 
in  Targets,  "  Symposium  on  Thermal  Effects  (Dorking,  England,  Oct. 
1964),  DASA,  Washington,  D.  C.,  September  1965. 

208.  ❖Marshall,  R.  G. ,  and  Pleasants,  J.  E.,  "Hasty  Personnel  Shelter  for 

Protection  from  Atomic  Effects,  "  U.  S.  Army  Corps  of  Engineers 
Report  No.  1571-TR,  Fort  Belvoir,  Va.,  March  1959. 

209.  McAuliffe,  S.  ,  Moll,  K.  ,  "Secondary  Ignitions  in  Nuclear  Attack,  " 
Report.  SRI  Proj.  5106,  Menlo  Park,  Calif.,  OCD-2534A,  July  1965. 


147 


210. 


McCarter,  R.  J.  ,  and  Broido,  A.,  "Radiative  and  Convective  Energy 
from  Wood  Crib  Fires,  11  Pyrodynamics.  vol.  2,  1965. 

211.  *  McFarland,  R.  A.,  and  Barach,  A.  L. ,  "The  Response  of  Psycho¬ 

neurotics  to  Variations  in  Oxygen  Tension,  "  The  American  Journal  of 
Psychiatry,  vol.  93,  no.  4,  pp.  1315-1341,  January  1937. - 

212.  *  McFarland,  R.  A.,  "Anoxia:  Its  Effects  on  the  Physiology  and  Bio¬ 

chemistry  of  the  Brain  and  on  Behavior,  "  The  Biology  of  Mental 
Health  and  Disease,  Hoebe-r,  New  York,  1952. 

213.  *McGuire,  J.  H.,  "Heat  Transfer  by  Radiation,  "  Fire  Research 

Report  No.  2,  Department  of  Scientific  and  Industrial  Research  and  Fire 
Offices  Committee,  London,  1953. 

214.  *McGuire,  J.  H.,  "Fire  and  the  Spatial  Separation  of  Buildings,  "  Fire 

Technology,  vol.  1,  no.  4,  pp.  278-287,  November  1965. 

215.  *McIlvaine,  M.  [Ed],  Reminiscences  of  Chicago  During  the  Great  Fire, 

Lakeside  Press,  Chicago,  Ill.,  p.  140,  1915. 

216.  Mclntire,  Ross  T.,  Asphyxia,  unpublished  paper,  Meeting  of  the  Society 
for  the  Prevention  of  Asphyxial  Death  in  the  Auditorium  of  the  Medical 
and  Public  Health  Bldg.,  New  York  World's  Fair,  8  pp.  ,  June  1938. 

217.  *McLean,  R. ,  Moritz,  A.  R.,  and  Roos,  A.,  "Studies  of  Thermal 

Injury  VI.  Hyperpotassemia  caused  by  Cutaneous  Exposure  to  Ex¬ 
cessive  Heat,  "  Journal_of_ClinicalJnvestigation,  vol.  26,  8  pp.,  1947. 

218.  Medical  Care  in  Shelters,  U.S.  Dept,  of  HE  &  W,  OCD-05-62-100, 
December  1963. 

219.  ^Medical  Field  Service  School,  "Nuclear  Weapons  Effects  -  Blast  and 

Thermal  Radiation,  "  Department  of  Nuclear,  Biologic, and  Chemical 
Sciences,  IM  91-330-300-084,  1966. 

220.  ^Mendelssohn,  P. ,  "Oddity  in  Detroit,  "  Fire  Engineering,  vol.  112,  no.  5, 

pp.  378-379,  May  1959. 

221.  Military  Medical  Journal,  No.  4,  JPRS:  1736-N,  (Translation  of 
Voyenno-Meditsinskiy  Zhurnal  (USSR),  by  U.  S.  Dept,  of  Commerce, 
Office  of  Technical  Service.3,  1959. 

222.  *Miller,  C.  F. ,  "Preliminary  Evaluation  of  Fire  Hazards  from  Nuclear 

Detonations,"  Report  SRI  Proj.  IMU -4021 -302,  Menlo  Park,  Calif.,  1962. 


148 


223.  *Miller,  C.  F.  ,  and  Kerr,  J.  W.  ,  "Field  Notes  on  World  War  II  German 

Fire  Experience,"  Report,  SRI  Proj.  MU-5070,  Menlo  Park,  Calif., 
Contract  PCD  Subtask  2536D,  68  pp. 

224.  Miller,  R.  I.  and  Passell,  T.  O.  ,  "Radiative  Energy  Transfer  from 
Nuclear  Detonations  above  50  km  Altitude,"  Report  SRI,  Menlo  Park, 
Calif.  ,  Contract  QCD-05-62-135,  April  1963. 

225.  *Minchin,  L.  T.  ,  "Mild  Carbon  Monoxide  Poisoning  as  an  Industrial 

Hazard,  11  Ind,  Chemist,  vol.  30,  381  pp. ,  1964. 

226.  *Mine  Rescue  Committee,  "A  Tentative  Study,  Mine  Rescue  Standards," 

Prepared  by  a  Committee  appointed  at  the  International  Mine -Rescue 
Standardization  Conference,  Government  Printing  Office,  44  pp.,  1923. 

227.  Mixter,  G. ,  Jr.,  "The  Medical  Burden  from  Skin  Burns  at  Nagasaki:  A 
Reappraisal,"  Progress  Report,  D  ASA  Subta  s  k  03.062,  U.  S.  Naval 
Applied  Science  Laboratory,  Naval  Base,  Brooklyn  1,  N.  Y.,  p.  14, 

(AD  No.  630  292)  12  October  1965. 

228.  Moore,  W.  R.  ,  Jay,  J.  W.,  and  Dietrich,  J.  H.,  Phase  One  Report  - 
"National  Fire  Coordination  Study,  "  USDA,  Forest  Service,  May  1965. 

229.  *Moritz,  A.  R.,  Henriques,  F.  C.,  and  McLean,  R. ,  "The  Effects  of 

Inhaled  Heat  on  the  Air  Passages  and  Lungs,  "  American  Journal  of 
Pathology,  vol.  21,  pp.  31 1  -356  iilus.  ,  1945. 

230.  *Moritz,  A.  R. ,  and  Henriques,  F.  C.  ,  "Studies  of  Thermal  Injury.  II. 

"The  Relative  Importance  of  Time  and  Surface  Temperature  in  the 
Causation  of  Cutaneous  Burns,  "  The  American  Journal  of  Pathology, 
vol.  23,  25  pp,  1947. 

231.  Moritz,  A.  R.  ,  "Studies  of  Thermal  Injury.  III.  The  Pathology  and 
Pathogenesis  of  Cutaneous  Burns  an  Experimental  Study,  "  The  American 
Journal  of  Pathology,  vol.  23,  27  pp.,  1947. 

232.  *Moritz,  A.  R. ,  Henriques,  F.  C.,  Henriques,  Jr.,  Dutra,  F.  R. ,  and 

Weisiger,  J.  R. ,  "Studies  of  Thermal  Injury, 11  IV.  Archives  of  Pathology, 
vol.  43,  22  pp,  1947. 

233.  *Moritz,  A.  R. ,  "Pulmonary  Injury  -  Experimental,  "  Symposium  on 

Burns,  NAS/NRC,  Washington,  D.  C.,  1951. 

234.  *Morris,  C. ,  The  San  Francisco  Calamity  by  Earthquake  and  Fire, 

Copyright  1906  by  W.  E.  Skull,  510  pp. ,  1906. 


149 


235. 


•Moss,  R.  H.,  Jackson,  C.  F.  ,  and  Seiberlich,  J.  ,  "Toxicity  of  Carbon 
Monoxide  and  Hydrogen  Cyanide  Gas  Mixtures,  "  Archives  of  Industrial 
Hygiene  and  Occupational  Medicine,  vol.  4,  no.  53"j  1951 . 

Muraoka,  J.  S. ,  "Shelter  Habitability  Studies  —  The  Effect  of  Oxygen 
Depletion  and  Fire  Gases  on  Occupants  of  Shelters,  "  Report  TR0144, 

U.S.  Naval  Aviation  Engr.  Lab.,  AD  No.  259  835,  July  1961. 

237.  s!,Murphy,  H.  C.,  "Ventilation  of  Survival  Areas  for  Civil  Defense," 

Heating,  Piping,  and  Air  Conditioning,  May  1951. 

238.  National  Academy  of  Sciences -National  Research  Council,  Symposium, 
Human  Problems  in  the  Utilization  of  Fallout  Shelters,  234  pp.  , 

Washington,  D.  C. ,  Publication  800,  February  I960. 

239.  ^National  Board  of  Fire  Underwriters,  Report  on  the  Berkeley,  California 

Conflagration  of  September  17,  1923,  National  Board  of  Fire  Under¬ 
writers,  New  York,  N.  Y.,  October  1923. 

240.  ^National  Board  of  Fire  Underwriters,  Fire  Resistance  Ratings,  New  York, 

N.  Y.,  December  1964 

241.  National  Fire  Protection  Association,  "The  Bandon  Conflagration," 

National  Fire  Protection  Association  Quarterly,  Part  I,  vol.  30,  no.  3, 
pp.  229-236,  January  1937. 

242.  ^National  Fire  Protection  Association,  Conflagrations  In  America  Since 

1900,  National  Fire  Protection  Association,  Boston,  Mass.,  1951. 

243.  ^National  Fire  Protection  Association  Committee  on  Fire  Gas  Research, 

"Fire  Gas  Research  Report,  11  National  FireProtection  Association  Quarterly, 
vol.  45,  no.  3,  pp.  280-306,  January  1952. 

244.  National  Fire  Protection  Association,  Fire  Record  Bulletin  FR  56-2A,  "One- 
and  Two-Family  Dwellings,  "  1962 

245.  *National  Fire  Protection  Association,  Fire  Protection  Handbook,  12th  Ed., 

Boston,  Mass.,  1962. 

246.  ^National  Fire  Protection  Association,  "The  Nieman  Marcus  Fire,  " 

National  Fire  Protection  Association  Fire  Journal,  vol.  59,  no.  3,  pp.  5-8, 
May  1965. 

247.  National  Fire  Protection  Association,  "Building  Construction  and 
Facilities,"  National  Fire  Codes,  vol.  4,  National  Fire  Protection 
Association,  Boston,  Mass.,  1965-1966. 


150 


248.  National  Fire  Protection  Association,  "Legal  Decision  on  Filter- 
Canister  Mash,  "  Firemen,  vol.  33,  no.  5,  p.  9,  May  1966. 

249.  "New  York  State  Commission  on  Ventilation,  Report,  "A  Study  of  the 

Physiological  Significance  of  the  Various  Factors  in  Ventilation,  with 
Special  Reference  to  the  Effects  of  Air  Conditions  on  Health,  Comfort, 
and  Efficiency,  "  Dutton,  N.  Y.,  1923. 

250.  Nichols,  I.  C. ,  and  Keller,  M.,  "Apraxias  and  Other  Neurological 
Sequelae  of  Carbon  Monoxide  Asphyxia  with  Report  of  a  Case,  "  The 
American  Journal  of  Psychiatry,  vol.  93,  no.  4,  pp.  1063-1072~ 
January  1937. 

251.  *Nielsen,  H.  J. ,  "Fire  Storm  Environmental  Model,  "  Report,  IITRI 

Proj.  No.  N6062,  Chicago,  Ill.,  Contract  OCD-PS-64-50,  Work  Unit 
2536  B,  April  1965. 

252.  Office  of  the  Chief  Scientific  Advisor,  "The  Risk  of  Fire  from  Air 
Attack,"  Great  Britain,  Home  Office,  CD/SA  8,  11  pp. ,  1949. 

253.  Office  of  the  Chief  Scientific  Advisor,  "The  Atomic  Bomb  as  a  Fire 
Raiser  -  A  Study  of  the  Mechanism  of  Initiation  and  Development,  " 
Great  Britain,  Home  Office,  Report  No.  CD/SA  6,  1951. 

254.  ’JOffice  of  Civil  Defense,  "Fire  Effects  of  Bombing  Attacks,  "  TM-9-2, 

U.  S.  Government  Printing  Office,  Washington,  D.  C.,  43  pp. , 

August  1952. 

255.  ^Office  of  Civil  Defense,  "Fallout  Protection,  "  Shelter  Design  and 

Analysis,  vol.  1,  PCD  TR-20,  vol.  1,  September  1962. 

256.  *Office  of  Civil  Defense,  "Protection  Factor  Estimator,  "  DOD-OCD- 

TM  64-1,  May  1964. 

257.  Office  of  Civil  Defense,  "Fire  Aspects  of  Civil  Defense,  "  PCD  TR-25, 
July  1964. 

258.  *Office  of  Civil  Defense,  "Equivalent  Building  Method,  "  Shelter  Design 

and  Analysis,  vol.  2,  PCD  TR-20,  vol.  2,  October  1964. 

259.  Office  of  Civil  Defense,  "Five  City  Study,  Guide  for  Participants," 
Office  of  Civil  Defense,  Department  of  the  Army,  p.  30,  1  May  1965. 

260.  Oughterson,  A.  W.,  and  Warren,  S. ,  Medical  Effects  of  the  Atomic 
Bomb  in  Japan,  McGraw-Hill  Book  Co.  ,  New  York,  1956. 


151 


261.  *Panero,  G.  B.  ,  Inc.,  "Minimum  Design  Standards  for  Radiation  Fallout 

Shelters,  "  Air  Conditioning,  Heating  and  Ventilation,  Report,  Guy  B. 
Panero,  Inc.,  October  1959. 

262.  Panero,  G.  B.,  Inc.,  "Ventilation  Tests  of  Fallout  Shelter  Spaces  in 
New  York  City  and  Vicinity,"  Report  by  Guy  B.  Panero,  Inc.,  New 
York,  SRI  Subcontract  No.  B-64212(4949A-3)-US,  PCD  Work  Unit 
121 4B,  112  pp. ,  February  1966. 

| 

263.  Parker,  W.  J. ,  "Thermal  Hardening  Consideration  Pertaining  to 
Residential  Areas,  "  Report,  USNRDL-TR-984,  San  Francisco, 

Calif.,  Contract  PCD  Work  Unit  254IB,  24  February  1966. 

264.  Passell,  T.  O.,  "  Transmission  by  the  Earth's  Atmosphere  of  Thermal 
Energy  from  Nuclear  Detonations  above  50  Km  Altitude,  "  SRI  Project 
4021  -4302,  Menlo  Park,  Calif.  ,  May  1962  to  May  1963,  p.  64,  30  April 
1963. 

265.  *Pearse,  H.  E.,  and  Kingsley,  H.  D.,  "Thermal  Burns  from  The  Atomic 

Bomb,  "  Surgery,  Gynecology  and  Cbstetrics,  vol.  98,  pp.  385-394, 
January  to  June  1954. 

266.  Peavy,  B.  A. ,  "Available  Heat  Sinks  for  Protected  Underground 
Installations,  "  Proceedings,  Environmental  Engineering  in  Protective 
Shelters,  NAS/NRC,  Washington,  D.  C. ,  February  I960. 

267.  *Pepys,  S. ,  Pepy's  Diary,  Frederick  Warne  and  Co. ,  N.  Y.,  638  pp., 

I  1825. 

268.  *Pesman,  G.  J. ,  "Appraisal  of  Hazards  to  Human  Survival  in  Airplane 

Crash  Fires,  "  NACA  Technical  Note  2996,  September  1953. 

269.  Petry,  H.  Von,  "Gegenwartiger  Stand  Unseres  Wissens  uber  die 
chronische  Kohlenoxydvergiftung,  "  Archiv  fflr  Gewerbepathologie  und 
Gewerbehygiene,  vol.  18,  pp.  22-36,  I960. 

270.  ^Phillips,  A.  W.,  and  Cope,  P.,  "Burn  Therapy:  I.  Concealed  Progress 

Due  to  a  Shifting  Battlefront,  "  Annals  of  Surgery,  vol.  152,  no.  5,  p.  10, 
July-December  I960. 

271.  ^Phillips,  A.  W.,  and  Cope,  P.,  "Burn  Therapy:  II.  The  Revelation  of 

Respiratory  Tract  Damage  as  a  Principal  Killer  of  the  Burned  Patient,  " 
Annals  of  Surgery,  vol.  155,  no.  1,  January  1952. 

272.  *Phillips,  A.  W.,  "Burn  Therapy:  III.  Beware  the  Facial  Burn)"  Annals 

of  Surgery,  vol.  156,  no.  5,  pp.  759-766,  November  1962. 


152 


273. 


-Phillips,  A.  W.,  "Burn  Therapy:  IV.  Respiratory  Tract  Damage 
and  the  Meaning  of  Restlessness  -  An  Account  of  the  Clinical,  X-Ray 
and  Post-Mortem  Findings,"  Annals  of  Surgery,  vol.  156,  pp.  759-766, 
November  1962. 

274.  *Philpot,  C.  W.,  "Temperatures  in  a  Large  Natural  Fire,"  US  Forest 

Service  Research  Note  90»  Riverside,  Calif.,  1965. 

275.  Phung,  P.  V.,  and  Willoughby,  "Prediction  Models  for  Fire  Spread," 
Western  States  Section,  The  Combustion  Institute,  April  1964. 

276.  Pinsko,  A.  R.  ,  and  Fons,  W.  L.  ,  "Frequency  of  Urban  Building  Fires 
as  Related  to  Daily  Weather  Conditions,  "  Interim  Technical  Report 
AFSWP-866,  U.  S.  Department  of  Agriculture,  Division  of  Fire  Research, 
Forest  Service,  March  1956. 

277.  Private  Communication:  Shorter,  G.  W.,  Head,  Fire  Research  Section, 
National  Research  Council,  Canada. 

278.  Private  Communication:  Philpot,  C.  W.,  U.  S.  Forest  Service, 

Riverside,  Calif.,  5  April  1966. 

279.  ^Private  Communication:  Schunk,  J.  ,  Bad  Bodesberg,  Nordstrasse  29, 

Germany,  8  July  1966. 

280.  *Private  Communication:  Hausman,  R.,  Bexar  County  Medical  Examiner, 

San  Antonio,  Texas,  "Carbon  Monoxide  Asphyxia,"  18  July  1966. 

281.  Private  Communication:  Countryman,  C.  M.,  U.  S.  Forest  Service, 
Riverside,  California~18  July  1966. 

282.  Pulaski,  E.  J. ,  and  Wallace,  A.  B.  ,  "Exposure  Method,  "  Paper, 
Symposium  on  Burns,  NAS/NRC,  Washington,  D.  C. ,  1951. 

283.  Purcell,  R.  H. ,  "British  Experiments,  11  Proceedings,  Environmental 
Engineering  in  Protective  Shelters,  NAS/NRC,  Washington,  D.  C. , 
February  I960. 

284.  Rarig,  F.  J. ,  and  Bartosic,  A.  J. ,  "Evaluation  of  the  XP2  Smoke 
Density  Chamber,  "  Symposium  on  Fire  Test  Methods,  American 
Society  for  Testing  and  Materials,  Atlantic  City,  N.  J. 

285.  Reed,  A.  C.,  "Tropical  Neurasthemia,  "  American  Journal  Tropical 
Medicine,  vol.  22,  pp.  127-130,  1942. 

286.  Rimson,  I.  J. ,  "The  Manifestations  of  Fear,  11  The  MAC  Flyer  (Military 
Aircraft  Command),  vol.  13,  no.  3,  pp.  10-11,  March  1966. 


153 


287. 


Rogers,  J.  C.,  'Ignition  of  Materials  by  Large  Yield  Nuclear  Weapons 
for  Various  Burst  Heights  and  Atmospheric  Conditions,  "  Report, 

SRI  Proj.  No.  IMU-402 1 ,  Menlo  Park,  Calif.,  Contract  OCD-OS-62- 
135(11  1)  (AD-410  031),  1963. 

288.  *Rogers,  J.  C. ,  and  Miller,  T.,  "Survey  of  the  Thermal  Threat  of 

Nuclear  Weapons,"  Report,  SRI  Proj.  No.  IMU-4021,  Menlo  Park, 

Calif. ,  Contract  OCD-OS -62 - 1  35  (AD  No.  602  947),  November  1963. 

289.  Roos,  A.,  Jr.,  Weisiger,  J.  R. ,  and  Moritz,  A.  R. ,  "Studies  of 

Thermal  Injury.  VII.  Physiological  Mechanisms  Responsible  for 
Death  During  Cutaneous  Exposure  to  Excessive  Heat,  "  Journal  of 
Clinical  Investigation,  vol.  26,  16  pp,  1947.  ~  ~ 

290.  >!<Roth,  E.  M. ,  "Space -Cabin  Atmosphere,  Part  II  -  Fire  and  Blast 

Hazards,  "  NASA  SP-48,  1964. 

291.  Rothenberg,  R.  E. ,  The  New  American  Medical  Dictionary  and  Health 
Manual,  432  pp. ,  Signet  Book,  New  American  Library,  New  York, 

N.  Y.  ,  February  1962. 

292.  Rotz,  J. ,  Edmunds,  J.  E. ,  and  Kaplan,  K. ,  "Effects  of  Fire  on 
Structural  Debris  Produced  by  Nuclear  Blast,  "  Fire  Research  Abstracts 
and  Reviews,  vol.  7,  no.  3,  pp.  167-173,  1965. 

293.  *Kumpf,  H.,  Brandbombcn,  110  pp. ,  Verlag  E.  S.  Mittler  and  Sohn/ 

Berlin,  1932,  translation  by  L.  H.  Meyers,  WPA,  Washington,  D.  C., 
1943. 

294.  Rumpf,  H.,  The  Bombing  of  Germany,  256  pp. ,  Holt,  Rinehart  and 
Winston,  New  York,  1961. 

295.  Sachs,  A.  and  Harris,  D. , ’Thermal  Effects  of  Nuclear  Weapons" 
(Literature  Summaries),  Research  Paper  P-221  Institute  for  Defense 
Analysis,  Arlington,  Va.,  Contract  OCD-OS-63-134  Subtask  41 13-C, 

326  pp,  January  1966. 

296.  Salzberg,  F.,  "Prediction  of  Fire  Damage  to  Installations  and  Built- 
Up  Areas  from  Nuclear  Weapons,"  Final  Report  -  Phase  III,  Proj. 

N6001  IITRI  Chicago,  III.,  Theoretical  Studies,  National  Military 
Command  System  Support  Center,  Contract  No.  DA-49-146-XZ-021 
(AD  No.  468  300) . 

297.  Sampsell,  D.  F. ,  "Thermal  Transient  Response  of  Underground 
Shelters,"  Technical  Note  N-711,  U.  S.  Naval  Civil  Engineering 
Laboratory,  52  pp,  September  1965. 


154 


HHiiPiiip 


r 


298.  Saylor,  W.  L. ,  "Estimates  of  Ranges  for  Chorioretinal  Burns  and 
Flashblindness  from  Tactical  Nuclear  Weapons,”  Unpublished  paper, 

1966. 

299.  Sauer,  F.  M.,  Chandler,  C.  C.,  and  Arnold,  K. ,  "Primary  Ignitions 
Following  Atomic  Attack  on  Urban  Targets,  "  AFSWP-4I3,  Division 
of  Fire  Research,  U.  S.  Forest  Service,  June  1953. 

300.  Sax,  N.  I.,  Dangerous  Properties  of  Industrial  Materials,  1467  pp. , 
Reinholt,  New  York,  1957. 

301.  Sayers,  R.  R. ,  Yant,  W.  P. ,  Thomas,  B.  G.  H.,  and  Berger,  L.  B., 
"Physiological  Response  Attending  Exposure  to  Vapors  of  Methyl 
Chloride,  Ethyl  Bromide  and  Ethyl  Chloride,  "  U.  S.  Public  Health 
Bulletin  No.  185,  United  States  Government  Printing  Office,  56  pp. , 
Washington,  1929. 

302.  •’Sayers,  R.  R. ,  Davenport,  S.  J. ,  Review  of  Carbon  Monoxide  Poison¬ 

ing:  1936,  128  pp. ,  Public  Health  Bulletin  No.  195,  United  States 
Government  Printing  Office,  Washington,  1937. 

303.  Schaefer,  K.  E.,  (Ed],  Monographs  on  Submarine  Medicine,  Folio  1, 
Germany  (U.S.  Zone)  Office  of  Naval  Advisor,  1948. 

304.  Schaefer,  K.  E.,  "Man's  Dependence  on  the  Earthly  Atmosphere,  ” 
Proceedings  of  First  International  Symposium  on  Submarine  and 
Space  Medicine,  U.  S.  Submarine  Base,  New  London,  Conn., 

Macmillan  Company,  New  York,  September  1958, 

305.  Schaefer,  K.  E.,  "Experiences  with  Submarine  Atmospheres,  "  Aero¬ 
space  Medicine,  (formerly  The  Journal  of  Aviation  Medicine),  vol.  30, 
pp.  350-359,  Bruce  Publishing  Co. ,  Saint  Paul,  Minn.,  1959. 

306.  #Schaefer,  K.  E. ,  "A  Concept  of  Triple  Tolerance  Limits  Based  on 

Chronic  CO2  Toxicity  Studies, "  Proceedings,  Environmental  Engineer¬ 
ing  in  Protective  Shelters,  NAS/NRC,  Washington,  D.  C. ,  February  I960. 

307.  •’■Schaefer,  E.  L. ,  and  Eickner,  H.  W.,  "Effect  of  Wall  Linings  on  Fire 

Performance  within  a  Partially  Ventilated  Corridor,"  U.  S.  Forest 
Service  Research  Paper  FPL49,  28  pp.,  Madison,  Wis.,  1965. 

308.  Schaffer,  E.  L.,  and  Eickner,  H.  W.,  "Corridor  Wall  Linings  - 
Effect  on  Fire  Performance,"  Fire  Technology,  vol.  1,  no.  4,  pp.  243- 
255,  November  1965. 

309.  *Schunk,  J. ,  "On  the  Six  Day  Shelter  Occupant  Test  in  the  'Sonnenbunker' 

at  Dortmund,"  Zivilschutz-Verlag  Dr.,  Ebeling  K.  G. ,  Koblenz,  19  pp. 
illus.,  1965. 

155 


I 


310. 


Shern,  J.  H.,  "Smoke  Contribution  Factor  in  the  Fire  Hazard  Classi¬ 
fication  of  Building  Materials,  "  Symposium  on  Fire  Test  Methods, 
American  Society  of  Testing  &  Materials,  Atlantic  City,  N.  J.  , 

June  1966. 

311.  ’^Shorter,  G.  W.,  et  al. ,  "The  St.  Lawrence  Burns, "  National  Fire 

Protection  Association  Quarterly,  vol.  53,  no.  4,  pp.  300-316, 

April  1966. 

312.  Shorter,  G. ,  "Fire  -  Safe  Shelter  Design,  Canadian  Views,"  Sym- 
posium  on  Protective  Structures  for  Civilian  Populations,  NAS/NRC, 
Washington,  D.  C.,  April  1965. 

313.  ^Silver  sides,  R.  C.,  "Measurement  and  Control  of  Smoke  in  Building 

Fires,  "  Symposium  on  Fire  Test  Methods,  American  Society  for 
Testing  and  Materials,  Atlantic  City,  N.  J. ,  June  1966. 

314.  Simms,  D.  L. ,  "On  the  Spontaneous  Ignition  of  Cellulosic  Materials 
by  Radiation,  "  Symposium  on  Thermal  Effects  (Dorking,  England, 

October  1964),  DASA,  Washington,  D.  C. ,  September  1965. 

315.  Smith,  J.  B.,  Cousins,  E.  W.,  Newman,  R.  M.,  "Fire  Hazard  to  Fall¬ 
out  Shelter  Occupants:  A  Classification  Guide,  "  Report  Serial  No.  15328, 
Factory  Mutual  Research  Corp.  .Norwood,  Mass. ,  ContractOCD  PS-64-40, 
Subtask  1133A,  April  1964. 

316.  Smitt,  G. ,  "Fire  -  Safe  Shelter  Design,  Swedish  Views,  11  Symposium 

on  Protective  Structure  for  Civilian  Populations,  NAS/NRC,  Washington, 
D.  C.  ,  April  1965. 

317.  Snell,  F.  D. .  "What  are  the  Hazards  of  New  Materials?"  23  pp. , 

Foster  D.  Snell,  me.,  1946. 

318.  *Soland,  G. ,  Firemen,  vol.  30,  no.  4,  p.  7,  April  1963. 

319.  #Sollman,  T.,  "Systemic  Action  of  Gases,  "  A  Manual  of  Pharmacology, 

7th  Edition,  W.  B.  Saunders  Co. ,  Philadelphia,  Pa.,  pp.  693-711, 

1948. 

320.  #Spencer,  B.  G. ,  The  Big  Blowup,  Caxton,  Caldwell,  Ohio,  286  pp, 

illus.,  1956. 

321.  Stanbury,  G.  R.,  "Ignition  and  Fire  Spread  in  Urban  Areas  Following  a 
Nuclear  Attack,  "  Tripartite  Thermal  Effects  Symposium,  October  1964. 

322.  Stedman,  T.  L. ,  Steelman's  Medical  Dictionary,  Eighteenth  Revised 
Edition,  Williams  and  Wilkins  Co.,  Baltimore,  Md. ,  1561  pp,  1953, 


156 


323. 


Sterner,  J.  H.  ,  "Methods  of  Establishing  Threshold  Limits,"  Industrial 
Hygiene  Quarterly,  Chicago,  Ill.,  5  pp. ,  September  1956. 

Stok'.nger,  H.  E.,  "Prepared  Discussion,  "  Industrial  Hygiene  Quarterly. 
Chicago,  Ill.,  2  pp. ,  September  1956.  ” 

325.  Stokinger,  H.  E.,  "Threshold  Limits  and  Maximal  Acceptable 
Concentrations,  "  Journal  olthe  American  Society  of  Safety  Engineers, 
vol.  7,  no.  5,  pp.  16-17,  May  1962. 

326.  #  Stoll,  A.  M. ,  "The  Relationship  between  Pain  and  Tissue  Damage  Due 

to  Thermal  Radiation,"  U.  S.  Naval  Air  Development  Center,  NADC- 
MA-5808,  June  1958,  Bureau  of  Medicine  and  Surgery,  Project  19012.  1 
Report  No.  1  5. 

327.  Streets,  L.  B. ,  "A  Study  of  the  Influence  of  a  Forest  on  the  Effects  of 
an  Atomic  Weapon,"  AFSWP-602,  Washington  D.  C. ,  1953. 

328.  *Strope,  W.  E. ,  et  al. ,  "Specifications  and  Costs  of  a  Standarized  Series 

of  Fallout  Shelters,  "  USNRDL-TR-366,  San  Francisco,  Calif. , 

October  1959. 

329.  *Strope,  W.  E.  ,  Etter,  H.  S. ,  Goldbeck,  R.  A.,  Heiskell,  R.  H., 

and  Sheard,  J.  H. ,  "Preliminary  Report  on  the  Shelter  Occupancy  Test 
of  3-17  December  1959,"  USNRDL-TR-418,  San  Francisco,  Calif., 

90  pp. ,  May  I960. 

330.  ^Strope,  W.  E. ,  Schultze,  D.  P. ,  and  Bond,  J.  I.,  "Preliminary  Report 

on  the  Shelter  Occupancy  Test  of  25-29  July  I960,  "  USNRDL-TR-502, 

San  Francisco,  Calif.,  March  1961. 

331.  *Strope,  W.  E. ,  Etter,  H.  S. ,  Schultze,  D.  P. ,  and  Bond,  J.  I.,  "The 

Family  Occupancy  Test,  4-6  November  I960,  "  USNRDL-TR-578, 

San  Francisco,  Calif.,  August  1962. 

332.  *Strope,  W.  E. ,  and  Christian,  J.  F. ,  "Fire  Aspects  of  Civil  Defense,  " 

Fire  Research  Abstracts  and  Reviews,  vol.  7,  no.  3,  pp.  155-166,  1965. 

333.  *  Sutherland,  M.,  The  Damndest  Finest  Ruins,  Coward-McCann,  Inc., 

New  York,  219  pp. ,  1959. 

334.  Tamas,  A.,  McElroy,  J . ,  "Postmortem  Carbon  Monoxide  Analysis: 
Significance  of  Tissue  Blood  Content,  "  WADC  Technical  Report  57-686, 
(AD  142150)  November  1957. 

335.  Taylor,  C.  L. ,  "Human  Tolerance  for  Short  Exposures  to  Heat,  11  Report 
No.  TSEAL-3-695-49A,  Wright  Field,  February  1945. 


157 


336. 

337. 

338. 

339. 

340. 

341. 

342. 

343. 

344. 

345. 

346. 

347. 

348. 


Thomas,  Q.  M.,  "Hypoxia  and  Carbon  Monoxide,  "  Flyine,  2  pp. . 

July  1962.  — *—*• 

^ Tillet,  M. ,  Memoir  on  the  Extraordinary  Degrees  of  Heat  which  Man 
and  Animals  are  Capable  of  Resisting,  "  1764,  Foreign  Technology 
Division  Translation  FTD-TT  63-650,  Wright-Patterson AFB,  Ohio. 

Topley,  E.,  Jackson,  D.  M.,  Cason,  J.  S. ,  and  Davies,  J.  W., 
"Assessment  of  Red  Cell  Loss  in  the  First  Two  Days  after  Severe 
Burns,  "  Annals  of  Surgery,  vol.  155,  1962. 

Troebst,  J.  C.,  "48  Hours  to  Live,  "  Saga,  vol.  32,  no.  1,  April  1966. 

*Tyler,  S. ,  San  Francisco's  Great  Disaster,  Minter  Company,  Harris¬ 
burg,  Pa.,  424  pp.  ,1906. 

U.  S.  Army  Corps  of  Engineers, "Mass  Fire  Control  Tests, "U.  S.  Army 
Engr.  Res.  and  Devel.  Lab.,  Report  1531-TR,  21  pp. ,  illus.,  1958. 

U.  S.  Army  Corps  of  Engineers,  "Heating  and  Air  Conditioning  of  Under¬ 
ground  Installations,  "  Army  Engineering  Manual.  EM- 1 1 10-345, 
pp.  451-456,  30  November  1959. 

U.  S.  Department  of  Defense,  The  Effects  of  Nuclear  Weapons,  U.  S. 
Atomic  Energy  Commission,  Washington,  D.  C.,  730  pp. ,  April  1962. 

U.  S.  Federal  Civil  Defense  Administration,  "Operation  Doorstep,  " 

AEC  Atomic  Proving  Ground,  Yucca  Flat,  Nev. ,  Supt.  of  Documents, 
Washington  25,  D.  C.,  17  March  1953. 

U.  S.  Forest  Service,  "Minimum  Short  Pulse  Radiation  Energy  to 
Ignite  Miscellaneous  Materials,"  USDA,  Forest  Service,  Forest 
Products  Div. ,  Madison,  Wis.,  (AD  221962)  October  1955. 

*U.  S.  Forest  Service,  "Project  Flambeau,  "  unpublished  data  presented  at 
Contractor's  Conference,  Pacific  Grove,  California,  7-11  March 
1966. 

U,  S.  Public  Health  Service,  "Effect  of  Repeated  Daily  Exposure  of 
Several  Hours  to  Small  Amounts  of  Automobile  Exhaust  Gas,  "  Public 
Health  Bulletin  No.  186,  United  States  Government  Printing  Office, 
Washington,  D.  C.,  58  pp.,  1929. 

U.  S.  Strategic  Bombing  Survey,  "Overall  Report,  European  War,  " 

War  Department,  Washington,  25,  D.  C. ,  109  pp.,  September  1945. 


158 


349. 


*U.  S.  Strategic  Bombing  Survey,  "Fire  Raids  on  German  Cities," 
Physical  Damage  Division,  War  Department,  Washington  25,  D.  C.  , 
October  1945. 

350.  *U.  S.  Strategic  Bombing  Survey,  "The  Effects  of  Strategic  Bombing 

on  Health  and  Medical  Care  in  Germany,  "  Overall  Economics  Effects 
Division,  War  Department,  Washington  25,  D.  C.  ,  October  1945. 

351.  *U.  S.  Strategic  Bombing  Survey,  "Fire  Raids  on  German  Cities," 

Physical  Damage  Division,  War  Department,  Wash  agton  25,  D.  C., 
January  1947. 

352.  *U.  S.  Strategic  Bombing  Survey,  "A  Detailed  Study  of  the  Effects  of 

Area  Bombing  on  Hamburg,  "  Area  Studies  Division,  War  Department, 
Washington  25,  D.  C. 

353.  U.  S.  Strategic  Bombing  Survey,  "Final  Report,"  Civilian  Defense 
Division,  January  1947. 

354.  *U.  S.  Strategic  Bombing  Survey,  "A  Detailed  Study  of  the  Effect  of  the 

Area  Bombing  on  Darmstadt,"  Area  Studies  Division,  January  1947. 

355.  *U.  S.  Strategic  Bombing  Survey,  "Effects  of  Incendiary  Bomb  Attacks 

on  Japan,"  Physical  Damage  Division,  April  1947. 

356.  #Varley,  R.  B.,  and  Maatman,  G.  L. , 'Shelter  Fire  Vulnerability 

Specific  Fire  Limiting  Activities  for  Occupants,  "  Report,  N6005  IITRI, 
Chicago,  Ill.,  Contract  OCD-QS-62-210,  Work  Unit  2522A,  32  pp., 

9  September  1964. 

357.  *Varley,  R.  B. ,  and  Maatman,  G.  L. , 'Shelter  Fire  Vulnerability 

Survey  and  Analysis  of  Representative  Buildings,  "Report  N6005 
IITRI,  Chicago,  Ill.,  Contract  OCD-OS-62-2 10,  101  pp. ,  17  March, 

1965. 

358.  Vergamini,  P.  L. ,  "Simplified  Method  for  Predicting  Thermal  Radiation 
in  the  Vicinity  of  Nuclear  Detonations,  "  University  of  Dayton  Research 
Inst.,  ASD  Tech.  Report  61-60,  May  1961. 

359.  *Viessman,  W.,  "Air  Conditioning  for  Protective  Shelters,"  Heating, 

Piping  and  Air  Conditioning,  December  1954. 

360.  Vlasov,  I.,  "Nuclear  Weapons  and  Protection  from  Them, "  Foreign 
Technology  Division,  Translation  FTD-MT-64-191,  Wright- Patter  son 
AFB,  (AD  619  518),  May  1964. 


.  -Vodvarka,  F.  J. ,  and  Waterman,  T.  E. ,  ’’Fire  Behavior.  Ignition  to 
Flashover,"  Report.  Proj.  N6059,  IITRI,  Chicago,  Ill.,  Contract 
QCD-PS-64-50,  Work  Unit  2536-C  (AD  No.  618414),  60  pp. ,  June  1965. 

362.  Waaler,  E. ,  "The  Identification  of  the  Victims  of  the  Fire  at  the 
Stolheim  Hotel  in  June  1959,  "  International  Criminal  Police  Review. 

No.  161,  p.  242-254,  October  1962.  ~  ~~™ — — - * 

363.  Walker,  J.  M. ,  "Physiologic  Problems  Concerned  with  Flame  Throwers,  " 
Symposium  on  Burns,  NAS/NRC,  Washington,  D.  C. ,  7  pp. ,  1951. 

364.  Walter  Reed  Army  Institute  of  Research,  Handbook  for  the  Estimation 
of  Battle  Casualties  (Nuclear),  Walter  Reed  Army  Medical  Center, 
Washington,  D.  C.,  1963. 

365.  Wang  T.  J.,  "Nuclear  Bomb  Fire  Defense,"  National  Fire  Protection 
Association  Quarterly,  vol.  51,  no.  2,  pp.  134-  137,  October  1957. 

366.  ’•Waterman,  T.  E. ,  et  al. ,  "Prediction  of  Fire  Damage  to  Installations  and 

Built-Up  Areas  from  Nuclear  Weapons,"  Final  Report,  Phase  III, 

IITRI,  Chicago,  Ill.,  Experimental  Studies,  Appendices  A -G,  National 
Military  Command  Systems  Contract  No.  DCA-8,  November  1964. 

367.  *Webb,  P. ,  "Exposure  to  Aerodynamics  Heating  Transients,  "  Mechanical 

Engineering,  pp.  60-62,  June  I960.  See  also  ASME  Paper  No.  59- 
A-211,  September  1959. 

368.  ’•Weeks,  M.  H.,  "Effects  of  Chronic  Exposure  to  Low  Concentrations  of 

Carbon  Monoxide,  "  Man’s  Dependence  on  the  Earthly  Atmosphere, 
p.  348-349,  MacMillan  Company,  New  York,  1962. 

369.  Welch,  B.  E.,  Buskirk,  E.  R.,  and  Iampietro,  P.  F. ,  "Report  of  the 
Relation  of  Climate  and  Temperature  to  Food  and  Water  Intake  In  Man,  " 

U.  S.  Army  Medical  Nutrition  Laboratory,  Report  213,  September  1957, 

370.  White,  C.  S.,  et  al. ,  "Comparative  Nuclear  Effects  of  Biomedical 
Interest,  "  Report,  Lovelace  Foundation,  CEX-58.8,  Albuquerque,  N.M., 
September  I960. 

371.  White,  C.  S. ,  "Tentative  Biological  Criteria  for  Estimating  Blast 
Hazards,"  Proceedings,  Symposium  on  Protective  Structures  for 
Civilian  Populations,  NAS/NRC,  Washington,  D.  C.,  April  1965. 

372.  Williams,  H.  A.,  Baltimore  Afire,  Schneidereith  and  Sons,  Baltimore, 
Maryland,  1954. 


160 


373. 


-Williams,  L.  L. ,  "Toxicity  of  Fire  Gases."  Fire  Engineering, 
vol.  112,  no.  5,  pp.  373-375  and  412-414,  illusTT  May  1959. 

374.  -Wilson,  R. ,  "The  Devil  Wind  and  Wood  Shingles,  "  The  Los  Angeles 

Conflagration  of  1961,  National  Fire  Protection  Association  Quarterly, 
vol.  55,  no.  4,  p.  48,  January  1962.  -  ,  — 

375.  ‘’-‘Wilson,  R. ,  Protecting  Your  City  from  Conflagration,  National  Fire 

Protection  Association,  9  pp.  Boston,  Mass.,  1965. 

376.  Wilson,  R.  J. ,  "Thermal  Mechanisms  at  High  Altitude, 11  Symposium 
on  Thermal  Effects,  11  pp. ,  (Dorking,  England,  October  1964), 

DASA,  Washington,  D.  C. ,  September  1965. 

377.  Wilson,  R.  J. ,  "Atmospheric  Attenuation  of  the  Flux  from  High  Altitude 
Weapons,  "  Paper,  Symposium  on  Thermal  Effects  (Dorking,  England, 
October  1964)  15  pp. ,  DASA,  Washington,  D.  C.,  September  1965. 

378.  Windle,  W.  F. ,  "Anoxia:  Its  Effect  on  Structure  of  the  Brain, 11  The 
Biology  of  Mental  Health  and  Disease,  Paul  B.  Hoeber,  Inc.,  N.  Y., 
1952. 

379.  Wing.,  J. ,  Touchstone,  R.  M.,  "A  Bibliography  of  the  Effects  of 
Temperature  on  Human  Performance,  "  Aerospace  Medical  Division, 
AMRL-TDR-63-1 3,  February  1963. 

380.  Wise,  M.  K.,  Deputy  Chief  (Denver  Fire  Department),  "Denver 
Draws  Blood  to  Check  Carbon  Monoxide,"  Fire  Engineering,  vol.  119, 
no.  7,  4  pp. ,  New  York,  N.  Y. ,  July  1966. 

381.  Woltman,  H.  R. ,  et  al. ,  "The  Economic  Feasibility  of  Decentralized 
Metropolitan  Regions,  "  Report  D-796,  Planning  Research  Corp. ,  Los 
Angeles,  Calif.,  Contract  OCD-OS-62-278,  (AD  625-172,)  257  pp. , 
October  1965. 

382.  Woodcock,  A.  H.,  Pratt,  R.  L. ,  and  Breckenridge,  J.  R. ,  "Heat 
Exchanges  in  Hot  Environment,"  Dept,  of  the  Army,  Quartermaster 
Climatic  Research  Lab.,  January  1952. 

383.  Worf,  D.  L. ,  "Environmental  Control  of  Manned  Space  Capsules,  " 
Proceedings,  Environmental  Engineering  in  Protective  Shelters,  14  pp., 
NAS/NRC,  Washington,  D.  C. ,  February  I960. 

384  #Yaglou,  C.  P. ,  "Tolerance  Limits  of  People  for  Cold,  Heat,  and 
Humidity  in  Underground  Shelter,"  Proceedings,  Environmental 
Engineering  in  Protective  Shelters,  10  pp.,  NAS/NRC,  Washington, 

D.  C. ,  February  I960. 


161 


385.  ,!*Yuill,  C.  H.  ,  and  Bieberdorf,  F.  W. ,  "An  Investigation  of  the  Hazards 

of  Combustion  Products  in  Building  Fires,"  Report  Project  3-1273-3 
SwRI,  San  Antonio,  Texas,  USPHS  Contract  No.  PH86-62-208,  October 
1963. 

386.  *Zapp,  J.  A. ,  Jr. ,  "The  Toxicology  of  Fire,  "  Army  Chemical  Center 

Medical  Division,  Spec.  Rpt.  No.  4,  April  1951. 


162 


2b  group 


Unclassified  — 


Security  Classification 


DOCUMENT  CONTROL  DATA  -  R&D 

_ (Sacurtty  claasllicattan  of  Hit*,  body  of  abstract  and  Indamh 14  annotation  mu  at  ba  ant  a  rad  wtian  (ho  oamtatf  report  ia  ctaaathsd) 


I  QRIftlNATIN  C  ACTIV/I’'Y  (Co  moral  a  author)  2#  REPORT  SICURITY  CLASSIFICATION 

Southwest  Research  Institute  Unclassified 

8500  Culebra  Road 
San  Antonio,  Texas 


3  REPORT  TITLE 

Mass  Fire  Life  Hazard 


4  OESCRIPTIVC  NOTES  (Typ*  of  rtporf  «ntf  Jnehitfv*  dsf) 

Final  Report  _ 


$  AUTHORS;  (Last  nacna.  It  rat  name.  Initial) 

Pryor,  A.  J. ,  and  Yuill,  C.  H. 


I  REPORT  DATE 

September  1966 


0«  CONTRACT  OR  ORANT  NO. 

N2Z8(62479)68665 

6  PROJECT  NO 


1  7a  TOTAL  NO.  OP  PASS* 

j  180 

386 

1  SwRI  Project  No. 

1 

•  ERfS> 

03-1726 

c  Work  Unit  2537A 
d  T.O.  No.  64-200(45) 


10  AVAIL  ABILITY /LIMIT ATION  NOTICES 


Distribution  of  this  document  is  unlimited 


11  SUPPLEMENTARY  NOTES  M*. 


It  other  REPORT  NOfS>  f A np  ether  numbers  dial  may  be  aaatgnad 


II.  (PONSOMINO  MILITARY  ACTIVITY 

Office  of  Civil  Defense.  Support  Systems 
Div.,  Rsch. 

Washington.  D.  C.  20310 _ 


11  abstract 


A  program  was  undertaken  to  define  the  life  hazard  in  a  mass  fire  environ- 
ment  resulting  from  nuclear  attack.  The  nature  of  casualties  and  hazards  in 
peacetime  and  wartime  fires  was  reviewed,  and  experimental  efforts  to  simulate 
mass  fire  situations  were  studied. 

This  state-of-knowledge  review  revealed  a  number  of  areas  in  need  of 
further  definition  regarding  the  true  mass  fire  life  hazard.  These  areas  have 
been  specified  and  limited  experimental  studies  conducted  ir.  .wo  of  them  in  order 
to  define  their  significance  with  respect  to  the  overall  mass  fire  life  hazard. 


DD  1473 


Unclassified _ 

Security  Clsssification 


1 -  '•  *  *-  iJaalilcU 


Security  Classification 


14 

KEY  WORDS 

Lift-  Hazard 

— 

Mass  Fires 

Combustion  Products 

Fire  Hazards 

:  Toxicity  of  Fire 

Survival  Criteria  in  Fires 

Shelter  Requirements  (Fire) 

LINK  A 


ROLE 


LINK  C 


ROLE 


INSTRUCTIONS 

1.  ORIGINATING  ACTIVITY:  Emir  the  name  and  addrm  impome 
of  the  contractor,  subcontractor,  grant*#,  Department  of  De-  auch  at 

fenar  activity  or  other  organisation  < corporate  author)  issuing 
the  report. 

REPORT  SECURITY  CLASSIFICATION:  Enter  the  over*  ,  (2) 
all  security  classification  of  tha  report.  Indicate  whether  f 

"Restricted  Data"  Is  included  Marking  is  to  be  in  accord 
once  with  appropriate  security  regulations.  (3) 

26.  GROUP:  Automatic  downgrading  is  specified  in  DoD  Di¬ 
rective  5200.10  and  Armed  Force*  Industrial  Manual.  Enter 
the  group  number.  Also,  when  applicable,  show  that  optional 
markings  have  been  used  for  Group  3  and  Group  4  as  author-  /gv 

ued 

t.  REPORT  TITLE:  Enter  the  complete  report  title  tn  all 
i  wpital  letters.  Titles  in  all  cases  should  be  unclassified. 

If  a  meaningful  title  cannot  be  selected  without  classifies- 

lion,  show  title  classification  in  all  capitals  in  parenthesis  (3) 

in, mediately  following  the  title, 

4.  DESCRIPTIVE  NOTESs  If  appropriate,  enter  the  type  of 

report,  e.g.,  interim,  progress,  summary,  annual,  nr  final.  |f  j 

Give  the  inclusive  dates  when  a  specific  reporting  period  Is  Servlci 
i  ovrrrd.  cate  II 

5,  AUTIIOR(S):  Enter  the  namefs)  of  authoKs)  as  shown  on  jj,  sl 

or  in  t ho  report.  Entet  last  name,  first  name,  middle  Initial.  lory  m 

If  military,  show  rank  and  branch  of  service-  The  name  of 

the  principal  .  uhor  is  an  absolute  minimum  requirement  ^ 

h.  REPORT  DATE-  Enter  the  date  of  the  report  as  day,  ir* 

mi, nth,  year,  or  month,  year.  If  more  than  on#  date  appears 

on  the  report,  use  date  of  publication.  —  13  A 

7,.  TOTAL  NUMBER  OF  PAGES:  The  total  page  count  lt"may 

should  follow  normal  pagination  procedures,  be.,  enter  the  pert> 

number  ol  page*  containing  information.  ba  attt 

7b.  NUMBER  OF  REFERENCES  Enter  the  total  number  of  I, 

reference*  cited  in  the  report*  be  line 

Ha.  CONTRACT  OR  GRANT  NUMBER:  If  appropriate,  enter  ■«  ind 
the  applicable  number  of  the  contract  or  grant  under  which  format 

the  report  was  written.  f 

86,  Hi ,  tt  id.  PROJECT  NUMBER:  Enter  the  appropriate  aver.  1 

military  department  identification,  such  a*  project  number,  „ 

subproject  number,  system  numbers,  tssk  number,  etc.  or  sho 

9a.  ORIGINATOR’S  REPORT  NUMBER(S):  Enter  the  offl-  indes 
i  t ul  report  number  by  which  the  document  will  be  identified  select 
and  controlled  by  the  originality  activity.  This  number  srnat  ft  era. 
be  unique  to  this  report.  projec 

96.  OTHER  REPORT  NUMBERfS):  If  the  report  has  been  Vcxf* 

usstpned  any  other  report  numbers  (either  by  the  originator 
or  bi  the  sponsor),  also  enter  this  numberts). 

10.  AVAIL ABILITY/LIMITATION  NOTICES:  Enter  any  llm- 
itationN  .in  further  dissemination  of  the  report,  other  than  those 


imposed  by  security  classification,  using  standard  statsmenta 
such  as: 

(1)  "Qualified  requesters  may  obtain  copies  of  this 
report  from  DDC.” 

f  (2)  "Foreign  announcement  and  dissemination  of  this 
report  by  DDC  is  not  authorized.  ” 

(3)  "U.  S>  Government  agencies  may  obtain  copies  of 

this  report  directly  from  DDC.  Other  qualified  DDC 
users  shall  request  through 


"U.  S.  military  agendas  may  obtain  copies  of  this 
report  directly  from  DDC  Other  qualified  users 
shall  request  through 


"All  distribution  of  this  raport  is  controlled.  Qial- 
ifted  DDC  users  shall  request  through 


II  the  report  has  been  furnished  to  the  Office  of  Technical 
Services,  Department  of  Commerce,  for  sale  to  the  public,  indi¬ 
cate  this  fact  and  enlat  the  price.  If  known. 

11.  SUPPLEMENTARY  NOTES:  Uae  for  additional  explana¬ 
tory  notes, 

12.  SPONSORING  MIUTARY  ACTIVITY:  Enter  the  name  ol 
the  departmental  project  office  or  laboratory  sponsoring  (par 
tng  lor)  the  research  and  development.  Include  address. 

13  ABSTRACT:  Enter  an  abstract  Riving  a  brief  and  factual 
summary  of  the  document  indicative  of  the  report,  oven  though 
tt  may  also  appear  elsewhere  in  the  body  of  the  technical  re¬ 
port.  If  additional  space  is  required,  a  continuation  shest  shall 
be  attached. 

It  is  highly  desirable  that  the  abatract  of  classified  reports 
be  unclassified.  Each  paragraph  of  the  ubstrerl  shall  end  with 
an  indication  of  tha  military  aecurity  <*laasifit*tion  of  the  in¬ 
formation  in  the  paragraph,  represented  as  (TSj  IS).  fC),  or  (V) 

There  is  no  limitation  on  the  longth  of  the  it  ,ract.  How¬ 
ever,  the  suggested  length  is  from  1 50  to  225  words. 

14.  KEY  WORDS:  Key  words  sre  technically  meaningful  terms 
or  short  phrases  that  characterize  a  report  and  may  be  used  as 
index  entries  for  cataloging  the  report.  Key  words  must  be 
selected  so  that  no  security  classification  is  required.  Identi¬ 
fiers.  such  as  equipment  model  designation,  trad*  name,  military 
project  code  name,  geographic  location,  may  be  used  as  key 
words  but  will  be  followed  by  an  indication  of  tachnlcal  con¬ 
text.  The  assignment  of  links,  rulas,  and  weight*  la  oplionai. 


Unclassified 


Security  Classification 


- 1  - 


MASS  FIRE  LIFE  HAZARD 

By  A.  J.  Pryor  and  C.  H.  Yuill 
Southwest  Research  Institute 
September  1966 
OCD  Work  Unit  2537A 
Detachable  Summary 


Definition  of  the  mass  fire  life  hazard  involves  many  factors  and  can¬ 
not  be  stated  simply  in  any  quantitative  manner.  This  report  is  a  qualitative 
description  of  the  hazard  as  it  is  known  to  date. 

The  first  part  of  this  program  consisted  of  examining  the  life  safety 
problem  in  various  possible  fire  environments  by  means  of  a  state-of- 
knowledge  review.  It  indicates  quite  clearly  the  generally  recognized  hazards. 
Many  investigators  have  defined  these  as  carbon  monoxide,  heat,  and  inade¬ 
quate  oxygen  by  themselves  or  in  combination  depending  upon  the  ventilation 
conditions.  Others  conclude  generally  that  the  important  factors  are  heat  in 
open  areas  and  carbon  monoxide  in  shelters  and  that  deaths  occurred  only  in 
those  shelters  directly  exposed  to  burning  or  smoldering  fuel,  sometimes  in 
the  form  of  rubble  or  debris. 

Two  recent  studies  are  referenced  in  which  a  comprehensive  review 
of  the  literature  relative  to  combustion  products  in  fires  in  buildings  is  pre¬ 
sented.  Both  conclude  that  carbon  monoxide  and  possibly  oxygen  deficiency 
are  the  primary  factors  in  most  building  fires.  Reference  is  made  to  the 
serious  effect  of  the  combination  of  two  or  more  gases  each  of  which  if 
existing  alone  may  not  be  harmful. 

The  interrelationships  in  the  development  of  carbon  monoxide,  oxygen 
de  ficiency,  and  other  gases,  or  the  possible  existence  of  undetermined  syner- 
gisms  have  not  yet  been  defined.  Also,  medical  research  indicates  the  impor¬ 
tance  of  respiratory  tract  injury  as  the  primary  killer  of  the  burn  patient,  yet 
there  is  not  sufficient  information  available  to  analyze  the  factors  involved 
in  respiratory  tract  injury.  No  experimental  work  has  been  done  on  inhala¬ 
tion  injuries  from  combustion  products  in  the  upper  and  middle  respiratory 
tract.  The  chemical  tracheitis.  is  not  expected  to  occur  from  the  inhalation 
of  carbon  monoxide,  a  reduced  oxygen  atmosphere,  or  even  heat.  Noxious 
gases  and  smoke  are  suspected  as  the  cause.  Heat  may  be  a  factor  in  causing 
mucosal  injury  or  enhancing  it  in  the  presence  of  carbon  monoxide  or  other 
noxious  gases. 
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The  life  hazards  and  physiological  effects  of  carbon  monoxide,  heat, 
and  reduced  oxygen  have  been  reasonably  well  defined  for  fires  in  individual 
buildings;  however,  a  true  definition  of  the  mass  fire  life  hazard  requires 
that  the  effects  of  these  factors  in  combination  be  known.  The  literature 
reveals  very  little  on  this  subject  that  is  applicable  to  the  mass  fire  life 
hazard.  — 


A  limited  number  of  animal  experiments  were  performed  to  examine 
the  significance  of  any  relationship  between  carbon  monoxide  and  heat.  It  is 
indicated  that  such  a  combination  may  be  five  to  twelve  times  more  lethal 
than  either  factor  considered  separately. 

A  series  of  animal  experiments  is  recommended  to  demonstrate  the 
significance  of  the  noxious  gases  and  smoke  in  a  heated  stream  of  combustion 
products  from  the  burning  of  typical  building  materials.  Such  a  program 
\vould  either  confirm  or  disprove  the  preponderance  of  opinion  that  carbon 
monoxide,  heat,  or  anoxia  are  the  main  hazards  in  mass  fires. 


